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SURVEY OF CHEMICAL INHIBITION IN FLAMES
Raymond Friedman

Atlantic Research Corporation, Alexandria, Virginia

When a fire is extinguished by addition of a third substance to fuel and
air, the mechanism of the effect obviously may be either blanketing, i.e. separation
of the fuel from the air, or cooling, i.e. reducing the flame temperature to the
point where flame kinetics is too slow to maintain combustion. However, either of
these effects would depend on the specific nature of the third substance only through
the generally well known physical and especially thermal properties of that substance.
Practical experience has shown that some extinguishing agents are significantly more
effective than can be accounted for on this basis, and this finding has led to the
belief that chemical inhibition may play a key role in fire extinguishment. Evidence
for this view will be briefly reviewed here. A more detailed review made in 1957 is
available (1).

The most widely known agents believed capable of chemical inhibition of
flames of organic fuels fall in two classes: (a) volatile substances containing
bromine or fodine; (b) alkali metal salts (except lithium). While one might think
it would be relatively simple to demonstrate the superiority of these over other
chemical substances, if such superiority exists, by making comparative pan-fire
extinguishment tests, this has not proven to be so. One difficulty is the notoriously
poor reproducibility of pan-fire experiments, probably largely due to the random
nature of the free convective gas motion around such fires. Another complication 1is
that the bromine compounds may themselves be fuels (e.g. methyl bromide) or oxidants
(e.g. elemental bromine). In the case of salts, there are problems of knowledge of
surface area and degree of dispersion, and the difficulty of knowing the number of
salt particles present per unit volume of burning gases. These problems notwith-
standing, results of many fire-extinguishment studies tend to show the superiority of
the above-mentioned classes of compounds over other substances of similar physical
properties.

The combustion scientist, however, would prefer more than statistical
evidence from model fire studies. He has made detailed measurements over the past
eighty years of flammability limits, burning velocities, and quenching distances of
premixed combustible gases at rest or in steady streamline flow, and he has at least
partially reliable theories which qualitatively relate these flame properties to the
"first principles" of chemical kinetics and gas kinetics. It is only in the past
few years that measurements of this kind have been utilized systematically to
examine the question of flame inhibition.

Let us first consider flammability limits. For example methane-air
mixtures containing less than roughly five or more than roughly fourteen per cent
methane are not flammable, the stoichiometric composition lying in the middle of
this range. Upon adding additional nitrogen to any flammable methane-air mixture,

a point is reached where it is no longer flammable. Finally, thirty-eight per cent
additional nitrogen is enough to render all methane-air mixtures nonflammable. While
the mechanism causing such a limit is not rigorously known, most combustion scientists
would accept the following explanation. K Addition of excess diluent, fuel, or oxidant
reduces the flame temperature, and hence the rate of heat generation by chemical’
reaction, according to the Arrhenius law. The rate of heat loss from the flame to
the cold surroundings also decreases, but not as much. Thus, heat-loss rate tends




to overtake heat-generation rate as the flame is diluted. The effect is amplified
by the fact that as the chemical reaction time increases, in the cooler flame, there
i8 now more time for heat loss from the reaction zone to occur. Thus a finite limit
of flammability is predictable mathematically, governed primarily by the magnitudes
of the chemical reactivity and the heat-loss rate. (The relative importance of conm-
vective and radiative heat loss is not yet. well understood.)

Now, 1f elemental bromine vapor (2) is added to methane-air, 2.45 mole
per cent is sufficient to render all mixtures nonflammable, compared with 38 mole
_per cent nitrogen for the same effect. On this basis bromine is some 15 times
- as effective as nitrogen in extinguishment on a molecular basis, a result which
cannot be explained except as a specific chemical effect, presumably inhibition.
It follows from the above finding that one bromine molecule can prevent the combustion
of four methane molecules. Many other examples of narrowing of the flammability range
by additives have been reported.

Let us now consider burning velocity, which {8 the idealized rate at which
a flat combustion wave would propagate through an initially stationary combustible
mixture. This velocity may be deduced, to an accuracy of -a few per cent, from the
knowledge of the shape of a stabilized laminar flame in a known flow field, as a
Bunsen burner provides. The magnitude of the burning velocity is determined by the..
interaction of two important parameters, the chemical reactivity in the flame and the
transport properties of the mixture. Since the latter are {nfluenced only slightly
by small additions of possible inhibitors, we have a convenient means of measuring
inhibition of the chemical reactivity quantitatively by observing burning velocity.

Consider the data below, which show systematic measurements of reductién
in burning velocity by a series of volatile bromine and other halogen compounds:

ADDITIVE REQUIRED FOR .10%2 REDUCTION OF
STOICHIOMETRIC METHANE-AIR BURNING VELOCITY (3)

number of molecules additive required
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additive halogen atoms per 100 molecules CH,
HBr 1 1.8
CBaBr 1 1.6
CF,Br 3 1.2
Brz 2 0.83
CHZBrZ 2 0.81
CF,Br, 2 0.85
CHBr 3 0.55

a2
(2]
-
r~

4.9

CH,Br 1 1.6 '
CH3I 1 1.7
Note that one molecule of bromine added to 100 molecules of methane (and 900
molecules of air) 1s more than enough to produce a ten per cent reduction in )
burning velocity. It can be shown that the burning velocity varies with the )
square root of chemical reactivity, so this corresponds to a reduction of 21 per :
cent in chemical reactivity. Such a small addition could not affect the flame

temperature significantly, so the effect must be a chemical inhibition. Note that
all seven of the bromine compounds show similar effects, the strength of the inhi-
bition being almost directly proportional to the number of bromine atoms per
molecule. Note further that iodine is comparable with bromine while chlorine is
much less effective.




s W

-\

~=.r

at?)

: s g v ee

Consider now the greater variety of chemical substancea tested in another
investigation:

ADDITIVE REQUIRED FOR 30%Z REDUCTION OF
STOICHIOMETRIC HEXANE-AIR BURNING VELOCITY (4)

Additive molecules required per
molecule hexane
0, . 4.05
N, _ 4.05
¢1, 1.54
Br, 0.3
TiCl, 0.09
PCly 0.07
Pb(C,HS), 0.034
Fe(C0)g 0.033

Here the fuel vapor is hexane instead of methane and data are reported on the basis
of a 30 per cent instead of a 10 per cent reduction in burning velocity. Note that
the most effective substance, iron pentacarbonyl, is more than 100 times as effective
as the least effective substances, carbon dioxide and nitrogen. Bromine occupies

an intermediate position in this list., New data (5) show that iron pentacarbonyl

is such a powerful inhibitor that one molecule, added to 10,000 molecules of a
stoichiometric methane-air mixture, reduces the burning velocity by 25 per cent.

It must be mentioned that pure iron pentacarbonyl is flammable in air, so
it would hardly be capable of extinguishing an open fire unless used in combination
with some other agent. Nevertheless the powerful inhibiting effect produced by
traces is highly suggestive.

We turn now to the third premixed flame property frequently measured by
combustion scientists, quenching distance. This is the closest distance of approach
of a flame to a cold wall, and is readily determined to about one per cent accuracy
by observing the minimum width of a rectangular or circular channel through which a
flame can propagate. As does burning velocity, quenching distance depends on trans-
port properties and chemical reactivity. The minimum pressure at which a flame
would propagate through a stoichiometric propane-air mixture in a 3.73-diameter tube
has been reported (6) to increase from 46 mm Hg to 80 mm Hg upon addition of
0.1 mole per cent methyl iodide, or one molecule of inhibitor per 40 molecules of
propane. Since quenching distance of propane-air is nearly inversely proportional
to pressure, this result is about ‘equivalent to an 80/46 increase in quenching
distance at constant pressure. Similar effects were observed with bromine-containing
agents, while carbon tetrachloride was much less effective. Another investigator (7)
has measured the depth of flame penetration into a tapered tube of gradually decreas-
ing diameter, the diameter of the tube at the position of furthest flame penetration
being taken as the quenching distance. An 8 per cent increase in quenching distance
is reported to be produced by addition of one molecule of bromotrifluoromethane per
1000 molecules of stoichiometric methane-air, hydrogen bromide being not quite as
effective.

The above examples, based on precise measurements of flammability limits,
burning velocities, or quenching distances of premixed hydrocarbon-air mixtures,
clearly show that trace quantities of certain gaseous substances can substantially
reduce flame reactivity and thus make extinguishment easier. Similar data, although
not so quantitative, are available for effects of suspended sodium and potassium
salts on flames.




Let us now examine what is known about the chemical mechanisms by which
these agents act, a necessary preliminary to rational development of more poteat
or less toxic agents.

Considering first the bromine and iodine inhibition, we note that the
effectiveness of a variety of carrier molecules correlates well with the number
of halogen atoms per molecule, so it is reasonable to assume that breakdown to
some simple halogen-containing molecule occurs in the flame, the latter being
responsible for the inhibitionm. In the case of bromine inhibitiom, Brz will not
exist at flame temperature, so Br and HBr are the candidates. However, to inhibit
the flame, it seems probable that the inhibitor must deactivate the most abundant
chain-carrying radicals present, H and OH. Monatomic Br could aot do this except
by slow three-body processes while HBr can easily react by a rapid two-body
process, e.g.,

H + HBr —>» H2+Br or OH + HBr —* HZO+Br-

with inhibitor regeneration by hydrogen abstractiom:
Br + HR —>» HBr + R .

The radical R must be presumed less reactive (or less capable of upstream diffusiomn)
than the H or OH it replaces. Since H has the unique ability to lead directly to
chain-branching via ' ;

H+0, —>» OB +0

2
any inhibiting mechanism capable of removing H (or OH, since OH + CO & H + C0
is rapid) looks promising. The reaction of H with HBr to form H, however is no%
a satisfying explanation of inhibition since the Hjy would rapidly oxidize, giving
more H atoms. Thus OH radicals may be the key species inhibited by HBr. This
kind of speculation was first published by Rosser et al. (3), and others who have
considered the problem generally utilize this approach as a working hypothesis.
However, neither the theory of chain-reaction-governed flames nor knowledge .of
individual rate constants is sufficiently advanced to permit a theory like this,
to be proved. Rosser et al. (3) have observed that the 3064 X emission line from
excited OH decreased inm . intensity as bromine was added, but confirmatory evidence
obtained by observing unexcited OH in absorption would bé highly desirable.

According to the above-ideas, HI should behave similarly to HBr, and
HCl and HF are too stable to react rapidly with free radicals, so the behavior of
the entire halogen family is accounted for if one accepts the foregoing type of
mechanism.

Considering now the inhibition produced by other substances, especially
metal compounds, we find much less understanding. The mere fact that pcwerful
inhibition can occur is good evidence that chain carriers are being.taken out of
circulation, and the further fact that hot fuel-oxygen flames are less: susceptible
to inhibition than cooler fuel-air flames is readily attributed to the much higher
radical concentrations believed present in the hotter, faster-burning flames,
making them harder to inhibit. To progress beyond this point to specific mechaniams
is difficult. Metal atoms might react with O, OH, or H to form oxides, hydroxides,
or hydrides, or metal atoms might remove energy from active species by becoming
electronically excited and then radiating. When the metal-containing substance is
added in dispergsed condensed-phagse form, there is a choice between assuming surface
redaction or vaporization. A paper in this symposium (8) suggests that vapor
reactions are the important ones. Much more research is needed in this area.

Finally, attention must be given to the problem of relating information
on inhibition of chemical reactivity in a premixed flame to the extinguishment of
a fire, which is more nearly a diffusion flame. The rate of combustion in a
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diffusion flame is determined by fuel-air mixing rate for a gaseous fuel, or by rate
of heat transfer from flame to fuel supply for a slowly volatilizing liquid or solid
fuel, and does not depend on chemical kinetics, generally speaking. Thus, intro-
duction of an inhibitor which would cause a moderate reduction of reactivity in a
premixed flame would be expected to have no measurable effect on a diffusion flame.
Nevertheless, a gaseous diffusion flame as maintained on any of several types of
laboratory burners can be extinguished when a sufficient concentration of inhibitor
is mixed with the air supply, the necessary concentration of inhibitor being roughly
that which wduld extinguish a premixed flame of the same fuel. This gaseous diffusion-
flame extinction process may be attributable to the presence of one or more local
regions in the flame, genmerally at the base, which serve to anchor or stabilize the
flame. Such a region, which might be very small, could contain fuel and air which
mix before they burn, while in the bulk of the flame, mixing and burning are simul-
taneous. ‘The inhibitor may exert its entire action in this small region. Detailed
studies of this effect have apparently not been made.

A potential method for studying effects of 1nh1b1tors on diffusion flames
1s Potter's experiment (9) in which coaxial opposing jets of fuel and air of equal
flow rates meet at a flame surface. At sufficiently high flow rates, the flame
ruptures, as indicated by appearance of a hole. Effects of inhibitors on this
process have not yet been reported, but such experiments are currently under way in
our laboratory. - :

In conclusion, the fundamental knowledge of flames and inhibition thereof
is sufficient to show promise that practical methods of fire control may evolve from
this approach, but such knowledge 18 as yet quite fragmentary, and more basic
research 1is required.
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.Investigating the irfliuence of acditives on the ion
velocity and other flawe chearacteristics of lzpite s

we tested several substances w.iich showed very rroacunced
effects on the tropagation velocity. One of these w-.s Ee(CU)S.
In the course of our investigeticns of resction reie in low-
pressurec flames we tried to find the moane of meticn of Fe(uu)s

in hydroczrbon-air and hydrocearbcn-oxysgen flaces. To this rur-
pose the pressure derenaence ol tie infliuence of Fe(CQ)5 was

first investigated., In fig. 1 the burning speeds ( -) of methane
oXygen mixtures zre shown as function of ccmposition.“Contrzry to
oiher observztions (including our own with carbon-monoxide in
nixtures with oxygen) but in agreement with our measurements with
02H4 and CZHG the burning sreed is practiczlily indevendent of

pressure (near the value of maximum flame velocity) down to pres-
sures of about 1 at. Below 0.1 2t. the flzpe speed st:rts to

increuase with decreasing vressure.
Pig. 2 gives tue influence of iron pentacarbonyl on ti:e buvening
speed of the stoichiometric CH4-02 mixtures at the corresronding

pressures. (The Fe(CO)5 concentration is givern in volume rercent

of tie whole mixture). Small inhibitor ccncentrztions huve 2
distinct, but not strong influence. The influence decreaseswith
decrezsing rressure (the Fe(CO)5 concentration is vroportior:1

with pressure). In methane-azir mixtures (fig. 3) (2s well as  in
other hy«rocarbon-air mixtures) the infiuence of Fe(CO). is mucn
more rronounced. 0.01 % of Fe(CO). causes z decrease insburning
speed by 25 % at atmospi:eric rresgure. If one comrares tae in-
fluence of Fe(CO)S'not in voluze wnercent of tue total mixture

but in volume percent of the fuel it still remeins three tizes
zore zctive in mixtures with air tren in those with oXvzen. As
in Ch4-oxygen oixtures the szdéditive becomes less active with

decreasing pressure. Tais still holds if tiic a2bsolute Fe(’JO)5

concentr.tion in molecules per cm3 rerzins the szre, For com-
rerison rig. 4 shows tie infliuence oi zdded brumire unu ircn
rentacuroonyl on.the ourning s-eeds cf nrcro.en-zir (37% Hé)
ena stoichioczeiric n-nex=zne sir, for nirrer ~ercernt
added drcemine and czlorine, as wes to ve exrecszu,

ez of

e influ-

erce of drerine is strun-er thun ticot of cilorive, und,lezs
eﬁ§}ly exrected, tenzene iz more suscertinle 40 the sl
~&Gltlves i.sn hexarne, The effectiveresz of Fe{.u). irn ev:
)
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Though the influence of Pe(CU). markeélvy decrezses with de—
crersing precsure the investizztion ¢f the zction of t'iis
zdditive cn low-vressure flat flasres seerecd to be useful for

- learning something about the srecific uction c¢if the inhibitor

on the cherical reaction, The following results may¥ be cun-.
sidered zs rreliminary ones. o . ) o )
CH4-air flurmes were invesztizs-ted in some detuil wita u2nd with-

out additives. The flames were kert burning on flzt-flune
burners with 12 and 20 cms. diameter, mostly «t 60U mm Hg pres-
sure. Temreratures vere mezsured by several inderendent met..ods:
surfzce protected plictinum-pletinum-rhodiuvm tihiermocous:les with
cumnensation for rediation losses, rotational temreratures of
OF-bznds end occrsionzlly line reverszl temperztures.

In tfig. (6) the flame temneratures (tiaermocourie) is plotted
versug distence above burner.(centimeters) for tiiree dirferent
mixtures (1.4 CH4+1O air, CH4+1O air,. 0.9 CH4+1O air) burning

at 60 om Hg with 2 burning speed v, = 0.33 m/sec without zadi-

tive., Fleme temperature and burning speed under tihiese cirFcum-
stances, 0of course, devend on the flow conditions chosen. For
comparison some rotational temperature values deterrnined from
the ubsorction srvectrum cf UH cre rtlotted in tie szme cvurves.

With =2dded Fe(CO)s, 0.001 % by volume in the mixture, the ther-

mocourle mezsurements are no lonzer reli.ble, due to iron oxice
derosit. This chanses redistion losses, ané, in addition, mav
give rise to heterogenecus recctions. From former invectig:itions
there is no doubt, trhat OF rzeiczls pley an important role in
the vropagetion of all fiames of aydrosen contsirin: ccmpounds.
In Pig. 8 OH-concentretion and temmer=zture for the stoiciiome -
ric CH4—air flame ure rlotted as function of diztcnce fror the

burner. The cdecrezse of OE concentrztion in ti:e "burned" gzs is
mainly dre to diffvsion losses. In fig. 9 the decrecse of OH
zbsorntion (as mezsure for concenir~stion, but not corrected

for finite optical thickness) in the zurned szzses is rlotted

for the pure mixture of mei:nene with zir, for 0.001 % Pe(uv)
and 0.005 % Fe(CU)5 zdded to tiie mizture., The concerirstion

decrease ~f Ci itself wiulc be sourmewiizt steener, Tre initisl
incre-se in OH concentr..tion =nd iis rmexirum value nre “nrdlv
infiuencea oy =zdded Fe(Cu)s. Only the cosition wiere CH wosorn-

5

tion incre:ses i: zzniited away from tl.e nurrer

; incrianing
Fe(CU)Sconcentrution, znd tne flzres beccre less . If
o%e rlots tre logarithm of ti:e O concentrstion in 12 zore of
ne:rly zenstunt temversiure, for fizsres itk Fe(CU). ended, =co

function ol ti.e neiz=nt
tzined, This rcoints ¢

[
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Por vers lor Fe{C0). concentr:stions the rate Is provortionszl
_to the Fe(CO)5 concentr-.tion, while for increzsing Ee(CG)5
concentruticn its relztive influence seexcs to decrease.

From tre exterimental results obtained till now we cznnot de-
cide whether the recombination rezctican ol OH is homogeneous
or heterogeneous, but it seems thet at relztively nizh Fe(CO)5

concentrations a heterogeneous decay rezctiomn is dcocminznt while

at very low concentrations a homogeneous reaction may become
importznt. In orkr to acnieve further inform:tion, spectrzs of

the flanes were t-len. (The middle of tie flame was focused on

the slit of the spectroscope). No. 1, in fig. 10 shows the emis—
sion of a stoichiometric CH,-zir flame at 60 mm Hg around the
maximum of OH emission (0.1%- 0.9 cms. above tie burner). No. 2
shows the emission of the s2me flame at 2.6 to 3.4 cms. above the
burner, The Nos. 3-6 show emission srectrza of the same flame, but
with 0.009 % Fe(CO)5 added, No. 3 revresents the zone 0.1-0.9 cms,

above the burner (two different exvosure tirces).The exposure time
of zll s-ectrz was ideutical, while in No. 4, 5, 6 the weaker
gpectra correspond to 1/15th of the normal exposure time. In the .
flames with PFe CO)5 iron lines and the emission of FeO is seen,

but there is no pronounced continuous emission. In the following
pictures the emission of diiferent particles meazsured by 2 high
resolution monochiromator are pnlotted as function of the height
above the burner. (fig. 11, 12, 14) As in other cases maximum
enission of OH, maximum concen*ration of OH as well as maxirum
emission of 02 egnd CH do not coincide at all. The emission

maximum of OH mey be linked to a maxirum of reaction rate as the
emission maxima of 02, Ci Pe and the first meximum of FeO, A

mezasure for the concentration of irop atoms is given by fig. 14
where the absorption of the 3659,91 § iron line is plotted for
different Fe(CO). concentrztions, (see Fig. 13). While in the
flare zone the eaissioﬂ of OH, C2, CH and Fe has a pronounced

maximum and then decreases very rapidly, the emission of FeO
shows a different behavior. It has 2 second maximum 2bout 3 cms
above the burner, in a zone, where O concentration and Fe eb-
sorrtion decresse rapidly. Then the intensity decrezses in a
zone wnere the tecperzture is still high. PFe,of ccurse, forms
soliq verticles in the f::=e, but the decresse in r=diztion in-
tensity dues not seem to be connected with the deciy of FeO con-
centration but the second emission cexirum of FeO, as well as ihe
first one, seers to ve dLe to chenmiiuxzinescence, to the deczy of
radicsls in that zone. i

S ~ < N . - o -
Ihe results, rerorted, ccncerning the investizciion of tne in-

STl

fluence of Fe(CO)5 (znd othner zdditives) cn tie rezction in iow
pressure ﬁ;anes were c:zde to obtain first impression of the zc-
wﬁlon_of tiuls very <ctive irnhibitor on the chericzl re-ciion.
the investigations are stiil in orogress.
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Fig.S5 Influence of Br, and Cl,
on the.flame velocity.
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The Effect of Powders on Premixed Hydrocarbon-Air Combustion® . .
Willis A. Rosser, Jr., S. Henry Inami and Henry Wise

Stanford Research Institute, Menlo Park, California

I. Introduction : 4

It has long been known that finely powdered salts such as NaHCO; can be used
to extinguish fires or to prevent ignition of combustible gaseous mixtures, Vari-
ous studies (Ref.,l) of combustion inhibition have revealed that powdered materials
vary widely in their ability to inhibit combustion, that alkali metal salts are
generally effective inhibitors, and that the effectiveness of at least some powders
is proportional to the specific surface area of the material {Ref. 2). The avail-~
able data do not permit identification of the significant processes which result
in inhibition. The present study of combustion inhibition by finely divided pow-
ders was undertaken in order to elucidate the mechanism of flame inhibition,

II. Experimental Details and Results

A, Materials

sk A i ATt 1

Various gases were used as obtained from commercial sources. These included
C.P, CH,, C3Hy, NH,, and A from the Matheson Co., industrial grade O, , commercial
dry N, from General Dynamics Corp. Compressed laboratory air was dried prior to
use by passage through a bed of granular CaCl, .

All the powders used were C,P. anhydrous materials. Some were of sufficient {
fineness to be used as received; most, however, required some size reduction,
These were wet milled with acetone in a small laboratory ball mill. After milling,
the powder was first air dried under a heat lamp to remove the bulk of the acetone
and then oven dried at about 110°C. The dry powder cake was pulverized by brief
ball milling and then sieved through a 250 or a 325 mesh stainless steel screen.
Most of the test powders were used without further treatment.

Milled powders contained a wide range of particle sizes. Two methods of size
separation were tried, sieving and gas elutriation. Attempted sieving by means of
micromesh screens was unsuccessful because the screens plugged quickly, Gas elu-
triation with dry N, was inefficient and slow except at high gas flow rates.
Some size reduction could be obtained but not as much as desired. Consequently,
gas elutriation was used only for special purposes and not as a standard procedure.

B. The Dispersal of Powder in a Combustible Gas

A dispersing device was assembled for the introduction of powders into com-
bustible gas mixtures which performed adequately for most cases. The powder

* N .
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generator (Fig. 1) consisted of a Pyrex cylinder (6 cm i.d.) fitted at each end
with large rubber stoppers. The generator was provided with five jets through
which gas could enter the system, a four-bladed propeller to agitate the powder
bed, and an exit tube for the gas-powder mixture.. The propeller was driven by a
1500 RPM electric motor. Four of the gas jets were made from glass tubing and had
an opening of about 1 mm in diameter. The fifth jet, -used only to obtain high pow~-
der concentrations, was made from brass tubing with a hemispherical cap through
which five holes 0,015 inch in diameter had been drilled. One of these holes was
on the axis of the tube, the other four were arranged symmetrically around 1it.

The gas emerging from these holes was very effective in picking up powder from the
powder bed,

" In order to introduce the powder into the gas mixture a steady flow of pre-
mixed fuel and oxidizer of known composition from a conventional gas handling sys-
tem was split by means of needle valves into two streams; one passed directly to
the vertical output tube of the powder generator, and the other entered the powder
generator through the glass jets. The concentration of powder in the final mixture
could be changed by varying the relative amounts of the two gas streams up to the
point when all of the gaseous mixture passed through the generator. If even higher
powder concentrations were desired, it was again necessary to split the gas flow,
this time into a fraction which entered the generator through the four glass jets
and the remainder through the metal jet. In this manner it was possible to obtain
powder concentrations up to about 10% by weight of the gas flow.

C. Measurement of the Effect of Powder on Combustion

The effectiveness of the powder was determined from the change in flame propa-
gation velocity as measured in the apparatus shown in Fig. 1. A long glass cylin-
der, about 2 cm in diameter, was inserted a short distance into the generator. The
gas-powder mixture from the generator flowed vertically upward through the tube and
was vented to the atmosphere at the top. After a steady flow of gas-powder mixture
had been established, the powder output was measured by collecting on a glass fil-
ter paper* the powder content of the gases. A collection time of 30 or 60 seconds
was usually sufficient to give a weighable amount of powder on the filter. The
weight concentration of powder in the gas was calculated from the collection time,
the weight of collected powder, and the flow rate of the gas stream., Immediately
after a powder sample had been collected, the flow of gas was stopped, the damper
valve closed, the side vent opened to the atmosphere, the top of the tube capped
with a rubber stopper, and the mixture ignited by spark. The time required for
the flame to travel between two fixed points on the tube was measured by photo-
tubes, The phototube signals were displayed on an'oscilloscope face and photo-
graphed by Polaroid camera. The average propagation velocity of the flame was
calculated from the known distance between the phototubes and the measured time
of tranmsit. :

In the absence of powder the flames were approximately hemispherical in shape;
after the first few inches of travel, they moved through the tube at an apparently
uniform rate. Slight tilting of the flame was sometimes observed. The presence

~of powder at times resulted in irregular flame shapes. Because the propagation

velocity v 1is related to flame speeds by v = SAf/At (where Ag = the area of

13.

the flame and At = cross-sectional area of the tube), these perturbations of flame

shape are a source of error, In extreme cases the flames were extremely long and
highly tilted; -as a result of nonuniform powder distribution in the tube.

)
Mine Safety Appliance Co.



D. Measurement of Particle Size and of Specific Surface Area:

.Specific surface area of the experimental powders was measured by an optical -
~ method (Ref. 3). About 20 mg of powder was thoroughly dispersed in about 300 ml.
of acetone contained in an optical cell and the optical density of the mixture
measured. The total specific area of the powder, A%, was calculated from the
approximate relation

=4ln : ' 0

% o Aln gy

A 2cl ) S

where £; = the initial optical transmission,” ¢ = the powder coqcentrétion in
gms/cc, and 1 = optical path length {5 cm in this case). '

When size analysis was desired, the optical density was recorded for a period
of time sufficient for settling of the powder suspension. The distribution . of . :
particle sizes can be derived from the chart record of -lnf vs. time (Refs. 3
and 4).

The specific surface data listed in_Table I were obtained in the manner

described. The average particle size, d , is defined by Eq. 2
d = Eg; ‘ (2)

where p is the density of the powder material. ‘One gram of powder containing
only particles of diameter d would have the_same surface area as one gram of the
actual powder. Size analysis revealed that d is only a crude measure of powder
fineness. -All powders listed in Table I, even the coarse ones, contained a sub-
stantial number of particles with diameters of only 2 or 3 microns. For example,
the weight_distribution of NaF particles passed through a maximum at about 3.5u
although d = 6.5u.

i

The data in Table I refer to samples collected at the exit of the flame tube.’
Comparison of that data with surface data for the powder initially present in the
generator revealed little or no difference for fine powders (A% =~ 10,000 cm?/gnm).
For coarse powders the material collected at the burner tube was finer than the
original powder charge. It appears that the generator also functioned to some
extent as an elutriation device. To avoid error from such elutriation only a few

per cent of the initial powder charge in the generator was used in a related series
of measurement.

E. The Effect of Powders on Premixed Flames

Several of the powders tested were not effective inhibitors of premixed
CH,-air combustion. About 5 wt % of CaF, , talc, CaCO; , or Ca(OH), was
required to reduce by 10% the speed at which a stoichiometric CH ~air flame
propagated through a tube, Heat and momentum loss by the flame are sufficient
to account for that degree of reduction, On the other hand, the remainder of the
powders tested, NaF , NaCl , NaBr , CuCl, K,SO, , NaHCO, , KHCOy , and
Na,CO; were effective inhibitors of CH;~air combustion to a degree which indi-
cates chemical interference with the combustion process.

‘As shown in Fig. 2, relatively little Na,CO, 1is required to produce a sig~
nificant reduction in the propagation velocity of a stoichiometric CH,-air flame.
These following features should be noted: (a) the weight concentration of powder
when expressed in mg/cc is very nearly the same as the weight fraction; (b) the
scatter in the data is primarily due to perturbations of flame shape; (c) the
ratio of flame area to tube, apart from erratic perturbations, increases from
about 2 at zero inhibitor concentration to about 4 at concentrations corresponding
to points on the nearly horizontal portion of the curve; (d) the powder concentra-
tion corresponding to the intersection of the dotted straight lines may be used as

3
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2 ‘measure of inhibitor effectiveness. The lower this critical concentration, the
more effective the inhibitor. For fine Na,CO, this intercept concentration is
about 0.6 wt % whereas for the coarser Na,CO, the intercept concentration is about
1.1 %. Comparison of these values with the speqiflc surface area of the two pow-

ders indicates that powder effectiveness is approximately proportional. to specific
surface area.

As shown in Fig. 3, similar results were obtained using NaHCO; . Because of
flame perturbations for low concentrations of NaHCO; , the relation between pow- .
der effectiveness and A* could not be determined with precision. However, a size
effect is clearly evident. In view of the fact that NaHCO; decomposes to Na,CO,
at relatively low temperature, it is probable that the observed effectiveness of
NaHCO; merely reflects the effectiveness of Na,CO; . The data shown in Figs. 2
and 3 are consistent with this interpretation. The effect of KHCO, , A¥ = 12,400
cmz/gm, on propagation velocity is shown in Fig. 4. Comparison with the data for
NaHCO; , A* = 11,900 cm?/gm , reveals that KHCO; powder is twice as effective as
NaHCO, powder. It is noteworthy that KXHCO, has been found to be twice as effec~-
tive as_ NaHCO, as a fire extinguisher (Ref. 5). Because both NaHCO, and KHCO,
decompose readily to the respective zarbonates, the effective inhibitor in both
cases is probably the alkali carbonate. The effectiveness of NaHCO, for non-
stoichiometric CHy-air mixtures (CH, from 8 to 12 % by volume) was comparable
with or slightly greater than for the stoichiometric flame.

. The effect of NaBr , NaCl , NaF, CuCl, and X,50, on stoichiometric CHg -air
flames was also measured. Precise results were obtained for NaCl and CuCl
(Figs. 5 and 6). Qualitatively NaBr, NaF, and K,SO, were also effective inhib-
itors, but because of extreme flame instability precise data could not be obtained.
This instability is apparently associated with poor dispersibility of the powder.

Flame inhibition by dispersed powder is affected by oxidizer concentration.
A Stoichiometric CH4-0, flame diluted with N, so that 0,/(0, + N,) = 0.25
required 1,7 wt % of fine Na,CO, to reduce the linear speed from 142 cm/sec to
the intercept point which in this case occurs at about 20 cm/sec. The increase in
powder requirement reflects primarily the higher initial propagation velocity.
Support for this view is provided by another experiment using a CH4-0,-A mixture
with an initial propagation velocity very nearly the same as that for a stoichi-
ometric CH,-air flame, 65 cm/sec. The effectiveness of KHCO; in the two cases
was much the same, about 0.6 wt % powder. In contrast, the presence of about one
per cent by volume of CH4Cl in a stoichiometric CHj-air mixture considerably
reduced the effectiveness of Na,C0, although the CH,;Cl itself has very little
effect on the initial propagation velocity of tke mixture (see Fig. 7).

The effectiveness of Na,CO, (or NaHCO,) was found to vary with the nature of
the fuel. About 2.5 wt % of Na,CO,, A%* = 10,800 cm?/gm, was required to reduce
the propagation velocity of a stoichiometric C,Hg-air flame frop 80 cm/sec to
20 cm/sec, compared to about 1 wt % for a stoichiometric CH,-0,-N, mixture of the
same initial propagation velocity. The noncarbonaceous system NH;-0,-N, was
found to be only slightly. affected by powdered NaHCO, . For a near stoichiometric
composition with an oxidizer concentration 0,/(0, + N,) = 0.4, two wt % of
NaHCO, , A* = 11,980 cm?/gm, only reduced propagation velocity from 62 cm/sec to
52%cm/sec.

III, The Temperature History of Small Particles Exposed to a Premixed Flame

During passage through a flame the individual particles of a dispersed powder
will be heated and may partially evaporate. The heat transferred from the flame
gases to the particles may not represent a significant thermal drain on the flame,
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but the evaporated material may effect the combustion reactions. .Two problems must

be considered: the degree of heating of small particles by the flame, and the

extent of evaporation resulting from this heating. The two problems are coupled

and in their entirety are extremely difficult to solve, However, with some simpli-

fying assumptions it is possible to obtain solutions. which are adequate'for our pur-—

poses. . (¢

The actual temperature profile through a premixed flame is replaced by the !
profile shown in Fig. 8, which has been divided into three zones: a preheat zone-
in which the temperature of the unburned gas rises exponentially with distance, a
reaction zone in which the temperature rises -linearly with distance, and a post—
combustion zone of uniform temperature. The assumed temperature profile has been
terminated at a definite position x = 8, because where strong chemical inhibition :
occurs it must occur where the reaction rate is high, that is, in or near the vis-
ible flame., The reactions which take place in the post flame gases do so gradually ‘
over a distance large compared with the thickness of the visible flame. Particles u
in the region x> & may affect these processes and will eventually reach thermo-
dynamic equilibrium with the hot combustion gases. In this analysis, however, the
region x> 3 will not be considered. In addition, because the observed sensi- : '
tivity of flame speed to the presence of some powders is far greater than can be
accounted for by heat loss alone, the effect of the powder on T » the adiabatic
flame temperature, has been neglected.

In the preheat zone the reaction rate is taken to be zero. Consequently, the
temperature profile has the form (Bef. 6)

Tl - Ti _ oxp Fpi Sx (3)
To - Ti A
yhere pi = the initial gas density
T1 = the gas temperature at a point x
Ti = the initial gas temperature
To = an ignition temperature
c =" the average heat capacity of the gaé
A = the average thermal conductivity of the gas
s = the flame speed
The preheat zone ends at the point =x = 0, where T T . For mathematical con-

venience T_ 1is taken as the average of T, and tﬁe adfabatic flame temperature . .-
T . The quantities ¢ and A should be Values averaged over the temperature“’

interval T - T , Because ¢ and A also appear in calculations for -thé reac-
tion zone, it is more convenient to evaluate ¢ and A at T and use those
values for both the preheat and the reaction zones. .-

o
-

e
The gas temperature in the reaction zone increases linearly from T, to Ta
and can be represented by the expression

D% s (4)
T, - Ty )
where d = ;El—g . Equation 4 is the tangent to Eq., 3 at the point x =0, As Y

shown in Fig. i 8, the parameter & 1is the thickness of the reaction zone,
about 0.2 mm for a stoichiometric CHg-air flame,

In both the preheat and the reaction zones the time rate of temperature in-
crease of nonevaporating spherical particle has been represented by Eq. 5.

5
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where Vs ; . volume of the particle
d = diameter of the particle
Tl = the gas temperatqre
T = the particle temperature
cg = specific heat of the particle material
Py = density of the particle

The most important assumptions implied by Eq. 5 are:

(1) The thermal conductivity of the particle material is very large, con-
sequently the temperature within the particle is uniform and equal to
the surface temperature

(2} The course of particle heating may be regarded as a succession of incre-
mental steady states . '

(3) The Nusselt number for heat transfer equals 2.

These plausible assumptions simplify the mathematical problem but may introduce
some error. The first of these assumptions is the least serious. A rigorous
treatment of a related problem, the temperature history of a small particle of
similar physical properties suddenly immersed in a large quantity of a hot gas,
indicated that no significant error resulted from the assumption of uniform parti-
cle temperature. ’

A certain length of time is required to attain a steady state for either heat
transfer or diffusion. For heat transfer, a measure of this time is the quantity
2’/20 , Where £ 1is some characteristic distance, and «a is the thermal diffusiv-
ity of the gas. Similarly, for diffusion a measure of the time is the quantity
2’/2D where D 1s the diffusion constant of the evaporating material through the
surrounding medium. For this problem (¢ and D are of comparable magnitude, a
few cm?/sec. The characteristic distance £ may be taken as the radius of the
particle. For particles with radii less than 5 microns the time required for
attainment of a steady state ( for either diffusion or heat transfer) is found to
be less than 107 sec, compared to the transit time through the flame greater than
1074 sec. It may be concluded that the steady state assumption involves little
or no error,

The applicability of the steady state assumption for heat transfer is implied
when using a value of two for the Nusselt number. In addition, only conductive
heat transfer is taken into consideration. For the very small particles with which
we are concerned this is probably the case.

The velocity of a particle being swept along by a moving gas will always dif-
fer from that of the gas itself. The importance of this lag can be estimated by
comparing the relaxation time associated with velocity 1ag to the transit time
of<the particle through the flame. The relaxation time for velocity lag is given

2
by the expression Tv = 2%52 where r = radius of the particle, p = density

of the particle, 1n = viscosity of the surrounding gas. This time is the

time required for a particle initially at rest in a quiescent gas to agcelerate
as a consequence of gravitational pull to {1 - =} of the terminal velocity. The
lag time Tv was evaluated for various values of r, with pg = 2 gms/cc, and

7 = 490 upolses (this value of n corresponds to air at about 1000°C), For

6
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r=1u, T; = 0.9 x 10~% sec, and for r = 5u, T_ = 2.3 x 10™* sec. The transit
times of interest are in the range 10™% to 10~? Sec. It appears that velocity lag
is not a serious perturbation for small particles (r ~ 1 or 2u) but will occur to
some extent for larger particles (r ~ 5u)., The effect of velocity lag will be to
lengthen the time of exposure of the particle to the flame. The rate of heat
transferwill not be significantly affected because of the low Reynolds number
associated with small particles and the relatively low gas velocities used. In
these semi-quantitative calculations the effect of evaporation on drop and heat
transfer is not taken into account.

Equation 5 may be converted to a form involving distance rather than time by
means of the relation

dT - dT.
FE T T m (8)

where v 1is the average velocity of the gas-powder mixture. The use of a single
average velocity for both gas and powder requires that the particles be-small enough
to follow the gas flow. )

The integral of Eq. 6 for values of x < 0 1is given by

T- Ti _ OSex 8 (7)
T-T. 1+ ®8
o i
where ' \
o = __].'2_.__ (3)

ve o d?
8 s

Based on the conservation of mass equation the average flow'velocity of the gas-
powder mixture, v , is approximately equal to 4S for near-stoichiometric CH,-
air flames. For values of x > 0, the integral of Eq. 6§ is given by

-05(%) -05(F) _
oo T (T -1 |8 Yrop(d -1 e ° " (9)
) o i 8 1+ 08
and at x = 3,
=03 -8
= - e + 9 -1 _ e
Tw - To * (To Ti) 5] 1 + 08 (10)

The particle temperature within the reaction zone is seen to depend on the product
parameter 98 and on the dimensionless distance—-ratio x/S. The particle tempera-
ture at the end of the reaction zone is a function of 08 alone.

The temperature T has been calculated as a function of particle size for

these specific values: cp =2/3and 1, v=45S,A=2x 10"% cal cm™! sec™?!
deg™*, p, =1x10 % gms °° cm?, c=1/4 cal gn”! deg-', and .S = 40, 25,
15, and 10 cm sec™' . The cited values for ¢ o] are applicable to NaCl and
NaF, respectively. It is clear from the variafidn of T with particle size
(Fig. 9) that the degree of particle heating can be grea¥ and that particle tem—
perature can rise high enough to result in evaporation of materials not usually -

considered volatile.
In an isothermal system the steady state molar rate of flow, 7, , of material
M diffusing away from a sphere of radius r may be represented by

wﬁ = - 47 Drnén (1 - %* ) (11)

RN R WO, -

———— . . -
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where n = total molar concentration
n, = molar concentration of "M" at the surface of the sphere
D = diffusion constant of "M" '

If the ratio 'nl/n << 1, Eq. 11 may be approximated by

wu = 4T Drn, . (12)
Relative to unevaporated material the enthalpy flow w associated with the molar

flow, w& » 1s given by

er = 47 Drn,L : (13)
where L is the molar heat of evaporation. In a nonisothermal system, such as a
flame,the material diffusing away from a particle will be further heated as it dif-
fuses. This enthalpy increase, however, is small compared with L which is about
40 to S50 kcal/mole for the materials we will consider and, therefore, it will be
neglected. The diffusion and heat transfer processes are then coupled only at the
surface of the particle. As in the case of heat transfer alone, it is assumed

that steady state expressions can be used to describe the rate at which mass and
heat are transferred.

Evaporation (an endothermic process) is limited by, and can proceed only to,
the extent that heat is provided to maintain the process. The rate of conductive
heat transfer, q, from the flame gases to the particles is given by

qQ = 2mdA (T, - T) (14)

19«

Initially, q > > ¥, , and both the particle temperature and n, increase. Eventu-

ally there may arrive a time when and evaporation may be regarded as
having begun at that time. Further addlgion of heat to a particle will result
primarily in evaporation and only secondarily in an increase in particle tempera-
ture. This temperature increase is not thermally significant but is important in
that n, is a strongly varying function of particle temperature. The temperature
at which evaporation may be considered to have begun can be obtained by equating
Eqs. 13 and 14.

. A(Ty -T) = n,LD (15)
The quantity n; 1is related to particle temperature by
a, = A e-L/RT . (16)
Equation 16 when substituted in Eq. 15_{ sults in
T, -T = Ae_)\_ﬂe (17)

The initial evaporation temperature is that temperature T consistent with Egs.
4, 9, and 17 (for x> 0),

By graphical methods T  was determined as a function of particle size for
NaCl and NaF , The necessary thermodynamic data were obtained from Ref. 7 and
used to derive expressions of the type Eq. 16 for n, . For NaCl these date:

wére used: B.P, = 1738°K, L at B.P, = 41 kcal/mole, D = 4 cm?/sec. The
quantity n, was represented by
n, = 0.924 x 20782°%/T noles/cc ' (18)

For NaF these data were used: B.P, = 1977%K, L = 48 kcal/mole, D = 4 cm?/sec,
and n, was represented by

n, = 1.12 x 10-19,400/T moles/cc (19)
In both cases the diffusion constant D is an estimated value.

8
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The variation of T (initial) with particle size was determined graphically.
Because S and r enter into the parameter ¢ 1in the same way, once T is’
shown as a function of particle size for a given flame speed, T can regdily be
calculated as a function of size for other flame speeds. For eifher NaCl or NaF
the initial evaporation temperature increases with increasing particle size up to a
maximum value, T (max). The temperature of an evaporating particle cannot exceed
(although it will reach) T (max) at x =8 unless the particle evaporates com-
pletely during passage throggh the flame. For NaCl, T (max) = 1480°K, and for
NaF, T (max) = 1650°K. - € -

Equation 12 implies that a pgrticle evaporating under steady state conditions
will decrease in size at a rate described by the expression

M D
2 = gq2-2H2mt (20)
p
s
where M = molecular wt of material. ]
A similar steady state expression can be derived for a particle evaporating in a
flame
. 8 M)\ .t .
2 = 2 =20 -
d = d o L Jo (T, ~T) dt (21)

In Eq, 21, n; has been eliminated by means of Eq. 15. Time is measured from the
onset of evaporation as previously defined. Let xe be the point in the flame
corresponding to this time.. In the cases_we will consider, x_ > 0. This distance
will be traversed in a time T = § - xe)/v. €

d2

8 M K —
&, = 1- (T, - O 7 (22)
do p
where dw = diameter of the particle at x = B
(T, = T) = the average temperature difference between the gas

and the particle in the interval 3§ - xe .

Further, v = .45, and after substitution for T and v and some manipulation,

Eq. 22 can be transformed 1nto Eq. 23, a form suitable for determining the degree
of evaporation.

d? - 2Mc_ (o), x,
Ei 1-——Fg— (1-5) (T, -7 (23)

The parameter (98), is the value of @é appropriate to d and to an assumed
value of the flame speed. The quantity 1 - 32 can be obtained from a graph of
(T, - Te). as a function of (98),, the value of (98),, and Eq. 4. The quantity

(T, = T) may be taken without significant error as the average of (T1 -T )
x=x, and (T, -T) at x=85. For NaCl, (T, - T) = 720°% and fof iNaP
(T, - 'r) = 550%K, © e

Procegding as indicated, we calculated the fractional degree of evaporation,

f=1- 37> for NaCl and NaF. The results are shown in Fig. 10. The product
Sd° is © constant for a given degree of evaporation. Consequently, the vari-
ation of f with particle size for ary flame speed can be easily obtained once
the variation is known for a single flame speed.

The calculation of degree of evaporation carried out for x = & can be done
for other selected values of x . For the purpose. of demonstrating that small

9
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particles of materials such as NaCl and NaF will partially evaporate during
passage through a flame, the results shown in Fig. 10 for x = & are sufficient.

The mathematical analysis just described can ornly be successfully applied to
materials for which there is available a relation between the vapor pressure and
the temperature of the material. Substances such as Na,CO; which decompose
during evaporation cannot be treated. Therefore, the relative volatility of sev~
eral such materials was determined in the following way. A small quantity of
material was fused by flame onto the end of a platinum wire until a small bead
about 1 mm in diameter had been formed. The bead and wire were suspended in a
Meker burner flame about 1 cm above the primary cones. By stopwatch, the time was
measured from the appearance of color in the flame gases to the disappearance of
that color. The results of such measurements are shown in Table II.

Consideration of the data in Table II reveals a number of interesting facts.
NaF and Na,CO; have roughly the same volatility., Consequently, the degree of
evaporation derived for NaF can be expected to apply roughly to Na,CO,. as well.
Next, K,CO; is seen to be about twice as volatile as Na,CO,. This is also about
the same as the ratio of inhibition effectiveness for these two materials. Lastly,
all the test substances except Na,CO; are more volatile than NaF and small par-
ticles of these substances would be expected to evaporate during passage through a
flame to an even greater extent than NaF particles of the same size. Powders
of all but two of the materials listed in Table II were tested experimentally and
found to be effective inhibitors of CHg -air combustion. Materials which were not
effective inhibitors, tale, CaCO,, Ca(OH)z, and CaF, are not volatile at the
flame tempermtures encountered in our system and would not be expected to evaporate
to a significant extent during passage through a CH;-air flame although CaCO,
and Ca(OH)2 might decompose to CaO. It appears that evaporation and inhibition
effectiveness are companions and that the observed inhibition is due to evaporated
materials. With increasing flame temperature some of these less volatile materials
may exhibit a higher degree of effectiveness.

IV. Discussion

The theoretical analysis presented in Section III revealed that a significant
amount of evaporation will occur for those powders which were found to be effective
inhibitors. The extent of evaporation will depend on the temperature history of
the powder particles and on the volatility of the material., The calculated results
for NaCl and NaF shown in Fig. 10 indicate a high degree of evaporation by the
end of the reaction zone. The average extent of evaporation in the reaction zone
will be lower. For all but the very finest powders the degree of evaporation for
the spectrum of particle sizes present in the powder is probably much less than
one. Under such conditions one would expect a proportionality between powder
effectiveness and specific surface area. An increase in specific surface area will
result in greater fractional evaporation. Evaporation can, of coutrse, be completed
in the post flame gases, but we are not concerned with that region -- only with the
reaction zone itself.

Two essential tasks remain: to identify the species responsible for inhibi-
tion and the reactions involved. To that end, consider first the relatively
simple case of NaCl. The condensed material will evaporate at high temperatures
primarily as NaCl molecules. The NaCl in diffusing through the hot reaction
gases may be converted to Na by reactions such ds

H + NaCl - Na = HCl (24)

Experimental observation of flames in which Na and Cl were both present indi-
cates that the conversion will not be complete (Ref. 8). Consequently, both Na
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and NaCl must be accepted as major species involving Na ., Traces of NaOH can
also be present, as well as minute concentrations of sodium hydride or ‘sodium '
oxides. However, the oxides have never been observed spectroscopically in flames
which also contained sodium (Ref. 9). Inasmuch as only minute concentrations are
required to give observeable emission spectra, the presence of significant quanti-
ties of these compounds is unlikely. As far as NaCl is concerned, the major
species to consider aré” Na and NaCl.

Consider next the more complicated case of Na,CO, which evaporates with
decomposition. Depending on the circumstances one may initially have Na, Na,0,
Na,0,, etc. The initial spectrum of products in the course of diffusing away
from the particle will be altered. The major species to be expected at gome dis- -
tance from the particle is the Na atom. The presence of chlorine species in the
gas will convert a portion of that sodium into, NaCl . The observed decrease in
powder effectiveness as observed in the presence of Na,CO; powder and CH;3Cl
(see Fig. 7) indicates that NaCl 1is relatively inactive and that inhibition is
associated with the sodium atom. By implication the overall effectiveness of a
sodium compound depends not only on volatility but also on the availability of the
atom after evaporation. By analogy other alkali metal compounds would behave simi-
larly. The ability to inhibit combustion is probably not limited to the alkali
metal atoms in view of the similar results obtained with NaCl and GuCl: The two
are of comparable volatility and both would yield some metal atoms, Na in the one
case and Cu in the other, Further, both Pb(C,Hs)q and Fe(CO)s strongly
inhibit hexane-air flames (Ref. 10). A metal atom mechanism may be operative in
those cases too, although both Fe and Pb may be partially converted to .oxides
or hydroxides.

The second task is to identify a mechanism of inhibition which depends on the
preseance of metal atoms. A number of possible mechanisms were considered. Of
these, three were found to be consistent with the obtained results.

It is possible that metal atoms increase the rate of recombination of the
radicals directly associated with flame propagation -—— H, O, and OH. Recombi-
nation reactions limit the concentration of radicals in the flame and insure their
removal in the post flame gases. Consequently, an increase in recombination rate
can be expected to reduce flame speed. A metal such as Na , which we will use as
an example, can affect recombination rate by acting as a third body which is effi-
cient in absorbing a portion -of the energy of recombination.

H+OH + Na - H,0 + Na* (25)
H+H+Na - H, + Na* {26)
O0+0+Na -+ 0, + Na* . (27)

The efficiency of Na as a third body in reactions 25 and 26 has been measured in
flame gases (Ref. 11) but is not greater than that of other flame components pres-
ent in far larger concentrations., Therefore, little direct effect can be expected.
However, Na does remove at least 50 kcal of energy, the excitation energy for
the transition Na(2S) -~ Na*(2P) ., This excitation energy may then be radiated as
light or degraded into heat by collision with other molecules. On the other. hand,
such third bodies as the product molecules H,0, H,, or O, may absorb all or a
portion of the energy released in recombination reactions of the type shown in
Egs. 25, 26, and 27. Such molecules with excess energy may be of unusual .chemical
reactivity. However, in the case of vibrationally excited product molecules colli-
sions with other molecules will lead to rapid loss of this energy. The mechanism
cited cannot be definitely ruled out on the basis of our present knowledge about
the- state of excitation of the products resulting from recombination reactions.
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A metal such as- Na can also alter a rate of recombination by a two-step
process like that shown formally in Eqs. 28 and 29,

A+Na+M - A-Na+M ( 28)
B+A-Na -~ A-B+Na (29)

in which A and B are H, O, and OH, and M is a third body. The collision-
stabilized complex Na-A need not be a major species but it must have a suffi-
cient lifetime to react with B . Such a mechanism has recently been advanced as
an explanation of third-body efficiencies and negative temperature coefficients
(Refs. 12 and 13)., If the product molecule Na-A does survive this length of
time and if reaction 29 is exothermic, the rate of reactions 28-29 relative to
the direct recombination
A+B+M - A-B+M (30)

will be about equal to the ratio Na/B . In order to evaluate the feasibility of
this mechanism the cited ratio must accordingly be known.

The equilibrium mole fractions of H, OH, O in the post flame gases of a
one-atmosphere stoichiometric CHg,-air flame are known (Ref. 14).

T = 2214%

a ’

H = 3.57 x 107%
Equilibrium Mole Fraction{OH = 27.8 x 107%

0 = 2,11 x107*

In the flame zone itself the mole fractions of these three species are undoubtedly
much higher, consequently the cited values represent lower limits. The concentra-
tion of Na in an inhibited flame can be estimated from the data shown in Fig. 2
for fine Na,CO,, About 0,003 mg/cc reduces propagation velocity by about half of
the original value. The mole fraction of Na corresponding to that concentration
is about 1.5 x 10~%, 1If the average degree of evaporation in the flame is about
10%, the mole fraction of Na in the gas will be 1.5 x 10™%. A higher degree of
evaporation is unlikely in view of the proportionality between specific surface
area and powder effectiveness. Comparison of the mole fraction of Na in the
flame with the lower limit values for H, OH, and O indicates that the ratio.
Na/B in the flame is probably much less than one. In the post flame gases, the
degree of evaporation is much higher and the concentration of radicals lower., In-
that region the mechanism is a feasible one, although it is apparently not feasible
in the reaction zone unless the estimates of concentration are badly in error,

Finally, Na may deactivate energetically excited species such as 02*, cozf

C,, CH*, OH* , The concentration in the flame of each of the cited species is
not known but is probably low. These species may in addition be sideshow perform-
ers not directly involved in flame propagation. Consider for instance Cz* and
cH'. Emission intensities from Cz* and CH® increases with the addition of
bromine inhibitors (Ref. 15), although flame speed decreases. Both: Cz* and cH*
are hpparently unrelated to flame speed. On the other hand, emission intensity of
OH". decreases with increasing concentration of bromine inhibitor {Ref, 15). How-
ever, OH* 1is deexcited on virtually every collision with flame gases (Ref. 16).
Consequently, a minor constituent can have little further influence on the deacti-
vation of . OH® ., The decrease in emission intensity is probably associated with a
diminution in the rate of production of oH* upon the addition of an inhibitor
rather than its removal by reaction with HBr (Ref. 15),
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Inhibition can result from the deactivation of CO,*. The reactants necessary
to form CO,* are present in the flame, such as

M *
0+ CO — CO, (31)

Moreover, C02* is metastable with respect to radiation because of the multipli-
city change associated with the radiative transition (Ref. 17),

co,*( 31y = CO,('L) + hv . (ﬁz)

Excited CO,* can therefore exist for a time and be available for reactions such
as those shown {Ref. 17) . .

co,*+0, -+ €O, +0+0 (33)
* *

co,™ +0, = CO, + O, (34)

0," +CO - .CO, +0 . (35)

Oxygen atoms produced by reactions 33 and 35 may by further reaction produce H
and OH.

If Na (or other metal atom) is present in the flame the deexcitation reac-
tion x *
€O, (3m) + Na(28) - CO,('L) + Na (2?P) (36)

could remove the energy required for reaction 33. The excitation energy of Na*(?P)
may be radiated or eventually degraded into thermal energy by collision. The
excited 02* formed in reaction 34 can also lose its energy of excitation by colli-
with Na , expecially if the O, is only vibrationally excited (Ref. 18). This
mechanism of inhibition, the removal of excitation energy by metal atoms, provides
a qualitative explanation for metal inhibition. So far as know, it is consistent
with fact. The mechanism does require that coz* be an important intermediate in
the combustion of hydrocarbons.
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Table I |
SPECIFIC AREA OF POWDERS USED . . “
- ’ N\
Powder . - . A gcm’ZEE! A %ﬁ
tale 12,600 2.4
Ca(OH), 9, 000 2.9
CaCOy 2,000 ‘11
NaBr : - 2,000 9 - ’ ‘
CaF, . 3,500 5.4 k
NaF 3,300 6.5 /
CuCl 3,000 5.7 : K
NaCl , 4,500 6.0 »
K350, E 5,200 4.3 1
NaHCO, 7,760 3.5 ° ‘
NaHCO, 11,900 2.3 !
KHCO4 12, 400 2.2 1
Na,CO, 4,940 4.9
Na,CO,3 .. 10,800 2.2 ;
: = 6
AT ‘1
d = average particle diameter }
o) = density of material 1
A¥ = specific surface area 1‘
Table II 8
RELATIVE VOLATILITY OF VARIOUS SOLIDS ,
Substance T_{sec) B.P. (°K J
NaX ~ 1 1577 »
KC1 ~ 2 1680
CuC1 ~ 2 1639
NaBr ~2 1666 )
NaCl 3 1738
K,C0, 7
K,S0, 10
Li,CO, ©o11 ceee .
NaF 13 1977
Na,C04 16
T = lifetime of 1 mm bead of material when -

exposed to a Meker flame
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STUDY OF VARIOUS INFLUENCES ON THE EXTINCTION OF METHANE-
OXYGEN DETONATIONS BY FINE PCWDERS ’

BY

P. Laffitte, R. Delbourgo, J. Combourieu and J. C. Dumont
Laboratoire de Chimie Generale - Sorbonne - PARIS

. Since our last contribution to this subject (1) a considerable impulse
has been given, especially in.the United States, to the Study of flame extinc-
tion, inhibition and related phenomena and an important effort has been made
to coordinate investigations carried out in this field, to promote further re-
search and to bring to the knowledge of workers throughout the world all possie-
tle information on the topice. ' '

The existence of an extensive and exhaustive Survey Report on the &ction
of Flame Extinguishing Agents by R. FRIEDMAN and J.B. LEVY (2) together with the
re§ular publication by the Fire Research Committee under the Sponsorship of the
Mational{Research Abstracts and Reviews (3) will authorize us to cut short any
historical development on this subject and refer the reader in search of such
information to references Z and 3. )

/Rc)w,rck }Couqul , o{ Fire .-~ f
Experimentals

411 our experiments were carried out on the mixture CHy +2 Op whose
detonation velocity is well determinhed and of the order of 2300 m/é. “Whereas pre-
vious investigations had been carried cut with various mixture concentrations
and in some cases with hydrocarbons other than methane we have this time exten-
gively studied the behaviour of stoechiometric methane oxygen mixture at atmos—
pheric pressure, The lay out of the apparatus allows for mixtures to be made out
under constant volume in a mixing vessel where each constituent is introduced
under its own partial pressure. dethane used is pure grade 99% and is dessicated
before admissione Oxygen is delivered from commercial cylinders and is also trea-
ted by phosphorus pentoxides The new and interesting part of the apparatus
consists of the detonation tube and this will be described in some details

The detonation tube is made of perspex, sheathed by a: plastic vinyl
tubinge This device has proved effective in the sense that the .tube is not shat-
tered to pieces as was the case with glass tubesj reproducible and well defined
donditions prevail at each experimentes The tube itself consists of two parts
separated by a specially built slide valve which is mechanically triggered open

‘synchronously with the ignition device. The tube is vertical with an inside dia-

meter of 16 mm. The top part is 40 cm long and the bottom part 200 cme The igni-
tion is started at the bottom by a small detonator and the detonation travels
upwarde ’ )

The slide valve (figures 1 and Z) consists mainly of a thin glucinium
bronze blade 3/10 th of a mm thick which either shuts the cormunication between
the two tubes or instantaneously sets the complete aperture open. The shutter
mechanism has a certain number of advantages mainly in the sense that being
extremely thin the sudden opening of the slide introduces as little as possible
perturbation to the mixture contained in the tube, also that the aperture of the




valve beéing exactly the tube diameter it therefore does not introduce any diame=
ter variztion at its passage, thirdly that it has been possible to use this de-
vice to introduce the pulverised material into' the mixture by setting the wei-
ghed sample on the slide prior to any other step in the experiment then allowing
the two parts of the tube to be first evacuated (the slide valve being vaccunm
tight through the use of 0O rings) then filled with the combustible mixture at
the same pressure. In triggering the valve open and in setting the ignition
started, the powder is set,tf free to fall and disperse facing the detonation
front travelling upward towards it. : '

The luminocus Phenomenon- is recorded by the classical rotating crum.-
camera on @ Kodak Trjx film and different recordings are given in figures 3 to
1Z. In particular it can be seen in figure 3 which relates to the detonation of
CHgq +2 Oz mixture with no powder at all that important fundamental conditions
are met with, namely that the detonation is well established and stable throu-
ghout the propagation and also that the slide valve which has been set open at
the ignition instant has not introduced any perturbatione

The pulverised substance studied has been potassium bitartrate which had
previously proved to be a. good inhibitor and which has the advantage of being
easily prepared in fine fractions and of not being too hygroscopics Silica was
also investigated in some cases in order to confirm previous results obtained
with it and also to draw a parallel between the two samples. :

The sample is first crushed mechanically and then sieved dowm to a frac-
tion passing through 450 mesh. This fraction is further reduced by passing
through a Roller Air Elutriatér and Two fractions can be obtained in this way, .
one with an average diameter < 104 and another with an average diameter
{20[- e In each case the specific surface area has been measured by the Rigden
air permeability methode .

A relay, conveniently energised, is able to introduce a delay between
the opening of the valve and the ignition of the mixture. This enables the ope-
rator either to obtain a simultaneous ignition and opening of the shutter set-
ting the powder falling, or on the contrary to start the powder falling a few
fractions of a second prior to ignitions - .

In acting in this way on the delay between the opening of the valve
and the ignition one in facts acts upon the dispersion of the sample which if
of course better dispersed if the delay is longer. In this way a powder {potas~
. sium bitartrate) of average particle size ( 104- is likely to disperse from
-0 to 68 cm when the delay introduced varies frofa O to 0,6 sec,

Table I summarizes the results obtained with such a sample where r
(average radius) is < 10 = < 3,25 + and where S is the specific surface
area of the sample in cm®/g 5 in this case & = 4680 cm?/g »
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IASLE T

t o 0,15 0,2 0,3 0,4 0,48 0,5 0,6
f m <015 3510 A . 180 ISZQ - i599 1640 1970 :
P n 102 0 255 3,43 5,33 6,70 8,07 5% 10,0
> 9430 2390 3160 4910 6180 7440 7580 220
f h - 10 . 14 24 _ 3? ‘51 » 54 58
G - 119 1z 10 88 0B ! 68
:i - 1,29 1,22 1,10 6,51 0,787 0,77 0,72 .
m is the exflngu1sr15g mass, expressed in mg, i. e. the mlnlm,n welent of material

to obtain the complete quenching of a detonaulon,
h is the height in ecm attained by the falling powder.
-01s the total extinguishing surface area in c2 , i. €. m. Se

- is the aQerage extinguishing density expressed in surface of the powder
cm"‘/cm3 by voluae unit of the cloud at the-extinction point.

=.i§5 » (7 = volume of the dust cloud = h x area of the croos=section of
! the tube).
This table shows a certain number of characteristic features:

1. The minimum quantity in weight necessary for extinction is that obtained

with a delay of 0,15 sec, that is after the cloud has dispersed 10 cm dovmwards; if

the delay is longer, the powder is more and more dispersed and the quantity necessary
for extinction increases. & minimum dispersion is therefore necessary and is nore

ffective than none, ‘Jhen cispersion increases over this critical value tihen the
cen51t/ of the cloud becomes smaller and a la‘ger quantity becomes necessary to ob-
tain the same effect.

2. Sxcept in the case where t =0, i. e. No uwsoe;5101, there seems to be
a rekation of the form:

m=k t

between the extinguishing mass and the delay. -




.

The larger particles togéther with the smaller ones fall with respective
velocities v and v* which are rapidly attained, the height of dispersion of
the falling cloud being.

h = (V-V')t

k
Vv -yt

‘= cte - '

"Therefore the minimum extinguishing density would be gonstant.

Tnis nas led us to photograph the falling of the sample by recording the.
diffracted light along a slit parallel to the tube. Such a photocraph is shown in
figures 13 and 14.

Using the values of h ve have calculated the average extinguishing
densities. per unit volume of combustible mixture expressed in number of millimoles
Y per ¢¢ n being the total number of pillimoles of pgowder contained in the tube,

3. The density (= decreases rapidly when t increases, reachihg however a
limit value.

Table II shows the experimental data obtained with a toarser sample,
< 20 } the average cdiameter in this case is 8,4 , the specific area 5 is
182C emé/g. : .

TADLE II
t 0 Q,15 [eR-2 0,3 0,4 0,48 0,5 0,6

P o [ 2000 100 | 1100 | 1370 | 200 | 275 2550 §4c<;o :
i 10,2 5,08 | 538 | 7,97 | 107 | 13,8 | 1,0 {203 .
5| 3640 120 | 200c | zes0 | 30 ass0 | 370 | mEO
;o - 4 14,5 | 28 38 50 53 7
s - 5,4 | 68,6 5,8 | 30,0 49,4 50,4 | 36,3 .
3 - 2,11 | 1,91 | 1,22 | 1,40 1,38 L4l | 1,40 r

These results show that the limit value of the density is attained with
3 sec. Comparing Tatles I and II one can see that = increases when h is
ed, ¢ howewer decreases and tends towards a limit which is mere rapidly
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reached with a coarser particle than with a fine one.

Table III concerns a sample passing a 450 mesh without further reduction.
The average radiusg is r 2 10) and the specific surface area is 1570 cm‘/g

TAZLE
t ) 0,13 0,2 0,3 0,4 0,48 0,5 0,6
: b T T » :
. oo 3045 1460 | 2875 | 3400 | 440 47T | 4825  |5440
toon 15,4 7,41 | 14,6 17,3 | 21,5 24,2 24,5 27,6 ¢
i & |40 | 200 | 410 | 5360 | 6660 7500 ™8 |40
: h - 13,5 25 ag,5 {70 | 19 80 %0
P S - 84,4 | T4 33,7 | 47,3 47,2 47,1 47,2
3 - 2,73 2430 1,74 | 1,53 1,32 1,52 1,53 ¢
Compared w7ith Takle I1I this sanple which:is'coarser than sample II shows

an increase in m, minimum quantity necessary for extinction,
height is also creater, G and ¥ decrease when ¢
teing reached as early as 0,3 sec.

h . the dispersion
increases, the limit values

Table IV smmnafizes the results obtained vith silica,.passihg a 450 mesh,

the specific area being 5 = 6,11 /g

TABLE IV

L=
t 0 0,15 Cz G,6

: m 2235 2155 %0 230 .
. Zp2 13,7 13,2 17,8 19,9 :
. i . . .
: h - - ‘ - . 100 :
: G o> ' , . :
0 Plee | - - - 1990 .

in crder to compare theexperimental data obtained we have calculated the
limit velocity of the dust particles, assuming each particle to be spherical and
f31ling independantly. This has led us, for a delay of 0,6 se¢, that is for the-
greater possible dispersion to a value of
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in order to attain a point situated 1 m below the shutter in 0,6 sec. The powder
therefore forms clusters of an average radius of 83 microns.

- Discussion:

A certain number of useful corments can be made by the careful observa=-
tion of the photographic recordings.

Figure 3: showsa detonation free of powder passing through the slide valve
Black space at the upper part) without any disturbance. The interval between. ..
two black marks at the top represents 1C cm. . .

Ficure 4: shows a detonation with 2000 mg of potassium bitartrate {10}- - no
delay between the opening of the shutter and the ignition. Practically all the
powder is still at the level of the slide valve when the detonation front reaches
it, an attenuation of the velocity is: apparent passed the valve before the detona=—
“tion carries on its way.

Figure 5 : Same conditions with 2C15 mg‘insteéd of 2000 mg. Extinction is pfactiQ
cally obtained at the valve, a small flame is seen to propagate at a reduced velo—
city after the passage of the valve. : . o T

Eigure 6 Delay 0,3 sec between cpeninfy the shutter and ignition, m = 1040 mg; the
luminous part of the recording immediately before the slide valve coincides with
the position of the dust front as measured by the diffracted light method (figsl4).
This is immediately followed by a dark zone where the velocity is seen to be redu-
ced. The quantity m being less.than that necessary for extinction the wave passes
through the shutter and is seen to propagate at the upper part of the tube with a
reduced velocity before the detonation is reformed.

Ficure 7 shows the same phenomena, 10 mg over the 1C40 mg used in figure 6, extine=—
tion is obtained. The same luminosity and velocity reduction as in figure 6 are
observed. :

Eigures 8, G and 10 are a series with a delay of 0,4 sec where the luminosity is
seen to appear earlier in the recording {the delay being longer the powder has
travelled further) the same velocity reduction is observed before extinction is
obtained (fig. 10).

Eigure 11 concerns a still longer delay (0,5 sec) ‘the luminqsity,sfarf§ éarlier.

Elcgure 12 . concerns silica, 2150 mg, 0,2 sec. This recording is interesting in the
sense that two re-ignitions are observed none of them leading to the reformation of
& true detonation before the end of the tube is reached.

Eiqures 13 and 14 are relevant to powder samples falling along the tube (diffracted
light photographs) each black interval is 10 cm distant from the next one. Figure 13
has, been obtained with a delay of 0,6 with potassium bitartrate < 450k . The density
of the cloud appears to be maximum towards the centre. Figure 14 is for a delay.of
CG,3 s , the powder has reached 50 ¢m, the distribution is better than in figure 13.
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Conclusion:

The general conclusions that can be drawn from the observation of the
data presented are the following.

l. Extinction always preceeds through the -same reproducible film of
events. A.reduction of velocity is always cbserved after the wave has travelled
for some length through the dust cloud. During this propagation a strong excita-
tion of the luminosity zs observed. This is immediately followed by an important
reduction in luminosity {probably due to the cooling effect). According to
whether the dust quantity is sufficient or not to produce extinction the wave
wiill either proceed with a reduced velocity gnd reform. a detonation further along

the tube or proceed as an unstable deflagration or else become completely extin-
guished.

These events are perfectly reproducible and the inhibition mechanism. is

one of dissociation of the combustion ard detonation waves, the effect being to
reduce the flame velocity either operating as an important heat sink, reducing the
temperature or by Ry other mechanism such as & chain breaking one (4), to the
point where the flame cannot reaccelerate enough to reform the detonation.

Ze The effect of dispersion shows that a mznimum dispersion is necessary
to obtain minimum quantities of material. In the case of our experiments a time
lag of C,15 sec has proved to be optimum. This corresponds to a helght of dzsper-

sion of lC cn below the slide valve,

Table 1 11 and 1III show that the ratio - —zv— ¢ the average extin-

guishing density G cﬁz/ cm®  tends towards a limit value, more or less rapidly
attained according .to the average particle size.

3. The fine particles remain nearest the slide vaive while the coarser
ones fall more rapidly. Extinction is only obtained if propagation through the
cloud can reach the fine portion of the sample.

4, Potassium bitartrate is definitely a better inhibitor than silica
with which too large quantities are necessary to be significant.

e have in this work endeavoured to obtain definite exnerzmental
conditions and reproducible resultse. In studying one sole mixture (Stoechiometric
methane oxygen) and in extensively examining the behaviour of one sole inhibitor
{namely potassium bitartrate) we have willingly limited this paper to the influ-
ence of dispersion on the extinguishing phenomenon. Other factors will be studied
systematically in the near future.

The authors' thanks are due to R. FGULATIZR, Collaborateur technigue
au CNRS, for his help and 1nged%51ty in building the slide valve and other parts
of the equipment used.
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The Extinction of Fires by Weter Sprays

WA
D. J. Rasbash

Department of Scientific and Industriel Research end Fire Offices’ Committee
. Joint Fire Research Orga.nization :

Fire Research Station, Station Road, Boreham Wood, Herts.

INTRQDUCTION )

Water spray has long been widely used for the extinotion of fires in-
both liquid and solid fuels. Although there have been numerous ad hoc
investigations on the effect of sprays from various nozzles an fires of diff-
erent types, it is only in recent years that any systematic study has been
pade using sprays and fires with controlled and measured properties. Work
of this nature has been carried out for about ten years at the Joint Fire
Research Organization. In this work attention has been paid in particuler
to the ability of spray to penetrate tc the seat of a fire, the mechanism
of extinction ard the properties of sprays required to extinguish fires of
various types. To scme extent the work has also permitted an approach to be
pade to defining critical bheat transfer criteria for extinguishing fire. In
this paper these aspects of the problem will be discussed and illustrated by
experimental results obtained at the above organization and elsewhere. The
results of the experiments also suggest ceitain broad principles on which.
fire fighting operationsshould be based, and these will be out]:!.ned.

PENETRATION OF SPRAY TO THE SEAT OF A FIRE

In order for a spray to be able to exert a useful effect on a fire it is

usually necessery for the spray to be able to penetrate to the seat of the
fire, particularly to the burning fuel. To do this the spray must be either
formed near the fuel or it must have sufficient forward force to prevemt too
mch of the spray being either deflected by or evaporated in the flame and
hot gases asseociated with the fire,

The factors which control the pemetration of spray to the seat of a fire
are the drop size aend thrust of the spray, the thrusts of the flames and wind,
grevity and the evaporation of spray in the flames. When sprays are applied
to fires by hand the effects of the thrust of the flames and the wind, and the
evaporation of spray in the flames are usually minimized by applying the
spray directly through the base of the flames to the fuel from the upwind side
of the fire; the reach of the spray, which is determined mainly by gravity
and the forward thrust of the spray, usually controls the pemetration to the
seat of the fire under these conditions. When spray is applied downward to a
fire all the above factors are of importance but particularly the relative
thrusts of the spray and the flames, Little information is available from
the literature on. either of these two faotors but work carried out at the
Joint Fire Research Organization indicates that they may be estimated from
r3adily measured properties of the spray and the flame. The thrust within a
spray is a function of the reaotion at the nozzle and the width of the spray;
there is also evidence that at some distance from the nozzle it is approxim-
ately equal to the thrust of the entrained air current. The latter depends
on the flow rate of spray per unit area and the pressure at the noszles. The
thrust of flames is proportional to the buoyancy head. Further information
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on these relationships is given in the appendix.

Bxperimental information on the penetration of sprays to burning fuel is
available for fires in kervgine burning in a 30 cm diameter vessel using down=
ward application of spra,y("). The results were scattered mainly because the
penetration was very sensitive to the patterm of the spray at the fire area,

a factor which was very difficult to control experimentally. Broadly,
however, the penetration decreased as the pattern of the spray became more
peaked in the centre of the vessel and as the thrust and the drop size of the
spray decreased. The effect of the latter two factors are illustrated in
fig. 1 which refers to sprays in which the peak of the spray distribution wes
contained in the central half of the vessel but in which not more than one
fourth of the area of the vessel was covered by a flow rate less then one half
of the pealt value. In spite of the scatter of the points, the effect of

spray thrust, as celculated from the entrained air current, and the drop size
on the penetration is cleerly seen. There is, however, an indication that at

" drop sizes greater than about 0.8 mm the penetration was independent of the

thrust., If the peak wes outside the central area of the vessel the penetra-

tion was usually considerably greater.

In the tests referred to in fige. 1 the height of the flame as judged
visuelly was 150 cm before the appliocation of spray and was reduced to msan
velues between 80 and 140 cm during the application of the spray. These
heights correspond to upward flame thrusts of 34 and 18 = 30 dynes/cm? (see
appendix). It will be seen from fig. 1 that the thrusts of the spray
required to give a 50 per cent penetration for the finer sprays is comparable
to these values.

It was observed during the tests that as the thrust of the spray was
increased ebove 20 dynes/cmé the flames became increasingly unsteble, Sprays.
with higher thrusts than represented in fig. 1 of'ten ceused stablilization of
the flame as a relatively flat flame above the vessel af'ter a period of
instability, The minimum sprey thrust at which this phenomenon occurred was
77 dynes/cmé. It would be expected that under these conditions the bulk of
the spray, even if it were fine and of a pesked pattern at the fire area,
would penetrste to the burning fuel; this might also be inferred by extrapol=
etion of the results in fige 1. This critical thrust, T¢ might be related to
x, the height of the flames as judged visually prior to the application of

spray, by equation 1. .

TO = 005 _,pc g X -.oooo<1)

()'.- = density of air, g = acceleration due to gravity.

It would be expected that since equation 1 represents the thrust in the air
curyent of the spray required to overcome the buoyancy head of the flames, T¢
should scele with flame height for larger sizes of fire than the fire tested.

For a given flow rate of gpray in the absence of fire, and for a given
pressure, the thrust of the spray in these experiments was approximately
independent of the drop size. Therefore, as the drop size decreased the
penetretion decreased. However, as the drop size decreased the efficiency of
unit mass of spray in reducing the rate of burning increased aince the finer
sprey cooled the liquid more efficiently. As & result of these two phenomens
a drop size occurred et which there was a minimum rate of burning for a given
flow rate and pressure. This drop size depended on the spray thrust, and
decreased from 0.8 to 0.33 mn as the thrust increased from 6 to 26 dynes/cm2.



MECHANISM OF EXTINCTION

" There are two min ways of extinguishing a fire with water spray:
(1) cooling the burning fuel and (2) cooling the flame. The mechanism of
smothering the flame with steam is one aspect of cooling the flame and will
be dealt with under that hee.d:l.ug.

Cooling the fuel -

To reduce the temperature of the fuel the spray maist be capable of
abstracting heat from the fuel at a rate greater than the rate at which the
fuel will take up sensible heat., Heat will nortally reach the fusl by heat
transfer from neighbouring hot bodies and from the flame. Information on
heat transfer from bodies may be obtained from texts on heat transfer
although there are many important cases, for example, on the flow of films of
fluid over hot surfaces where information is lacking, There is evidence,
which will be given later, that radiation from the flame to the fuel that is
being cooled does not normally play a large part in determining critical
conditions for extinction, although if only a part of the fire is being
extinguished at any one time, radiation from the rest of the flames might
become an important factor. In this paper, therefore, particular attention
will be paid to estimeting critical conditions when the surface receives heat
mainly by convective or conductive transfer from the flame. Such estimates
may be obtained from known relationahips between the rate of burning and the
heat transferred from the flams to the surface. The method used may be best
1llustrated by an example. Equation 2 was found by Spalding to give the rate
( )? g of liquid fires flowing over surfaces with a vertical dimengion

a "

: b f .3 '
o = %2 # lé-- cocees(2)

where m" is the average rate of vaporization per unit surface erea,
d is the linear dimension of the surface,
k,c « are thermal conductivity, specific heat and thermal diffusivity
of air at room temperaturse, )
g 1s the acceleration due to gravity, J
B 1isa transfer mumber oqual to g, if + ¢ (Ty —

@

where Q 4is the heat transfer to the fuel swrface per unit mass of fuel
vaporized,
Moy 1is the concentration of axygen in air (by weight),
H 1is the heat of combustion.of the fuel,
Tg is the embient gas temperature and T the -surface
temperature,
r 1is the stoichiometric ratio (weight of oxygen/weight of fuel).

Normally, under steady conditions, the velus of Q in the transfer number is
equal to >\£ the heat required to vaporize unit mass of fuel. However, when
a spray 1s acting on the fuel and heat is being removed from the fuel, q will
be greater than>\j,.

For most 1liquid hydrocarbon;equation 2 may be reduced with little error
to

n" = ..___-.1—--—0'1 000000(3)'

d°'25 Q0.75 ‘

(o* in g cm'zs-1; 4 in em; Q in cal/g.)
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The rete at which heat reaches unit area of the burming liquid from the flame
is Xm"; the rate at which heat needs to be transferred to vaporize the fuel
is Af m", Therefore, a steady condition as expressed in equation 3 will be

maintained if the spray removes from the liquid & quantity of heat Y given by

Y = (Q - Xf) n" - ln..ac(lp)
Combining equations 3 and 4 gives either
Y = do.zg'1qzo.75 @ '_>’f) .f....(s)
' 0e1 L
o ¥ - Qde'a—l—;) BN eeennl®

If the spray is capable of removing heat at a greater rate than Xthe tempers-
ture of the fuel will be reduced. This will result in a smaller value of m®
and a correspondingly larger value of Q and Y. The reduction in temperature
will also bring about a reduction in the rate at which spray can remove heat
from the fuel.

In a burning fuel in which the temperature of the fuel has reached steady
conditions, Q = Af and ¥ = O. The application of spray with a lower
temperature than the fuel will therefore result in the fuel being cooled.

This will contimie until either a steady burning condition is established at
a partlcular temperature or one of the two following critical conditions for
extinction 1s reached.

(1) The value of  may reach the maximum value, Qo which the flame is
cepable of imparting to the surface without becoming extinguished.

(2) The value of @" may reach a minimum value, #." below which a flame
cannot contimue to exist above the surface.

The rate;Yg.t which the spray must abstract heat from the fuel at the
particular fuel temperature at which these critical conditions occur will be
given by one of the equations (5) and (6), end if Qc and @™ are asgumed
independent of the linear dimension of the burning surface, then c"will be
expected to decrease slowly as this dimension increases.

. By a similar argument to that developed above it is possible to put
forward equations giving ¢ for a wide range of conditions, indeed for all
conditions for which there is a known relationship between the Nusselt number
for heat transfer from a gas and other relevent dimensionless groups, €.8e
the Reynolds, Grashof and Prandtl numbers. By these means it may be shown
that above a certain dimension of the surface J ¢ will cease to decrease
with increase in d, and if the wind is sufficiently strong ¥ o will be
proportional to the square root of the wind velocity and inversely propor-
tional to the square root of d.

A certain amount of information ig avallable for the criticzl value of Q.
Thus for flame quenching in cha.nnels(ﬁ end in flame arresters(l4) it has been
found that for stoichiometric hydrocarbon flames the maximum amount of heat a
flame can impart to a surface before it is extinguished is 23 per cent of the
heat of combustion of the fusl, i.6. about 2,500 cal/g. Spalding(2) carried
out experiments on the circulation of kerosine burning on the surface of a
sphere and here again it was found that the fire was extinguished when the
heat transferred to the burming surface by the flame was 2,500 cal/g of fuel
vaporized. Spalding's experiment is analogous to extinguishing a fire by
cooling with water spray, the only difference being that heat was removed by
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excess fuel rather than by water spray. It would be expected that the condi-~
tions under which the maximum fraction of the heat of combustion can reach the
surface of the burning fusl would occur when a stoichiometric mixture burns
very cloase to the liquid surface. The temperature of the swface should
therefore be near to the value corresponding to equilibrium with e stoichio-
metric mixture. For kerosine this temperature is 15°C higher -than the tempera=-
ture at which the surface is in equilibrium with the lower limit mixture and
is approximately equal to the fire point. i

Using 2,500 cal/g as the value for Q¢ the following values for chay be
calculated for fires burning undsr conditions of ratural convection.

0.¢0'25 ' 000000(7) il
1.2/6_0.25 -003’0(8)
1.2/19425 £ £ 100 e eeesee(9)

Ok for {. > 100 cm  +evra(10)

Pool or spill fires \((_

Fires on tubes XC

Fires on vertical surfaces

\(; is in ca.l/cmza; a, { characteristic dimension in cm.

There is little information on the minimum value of m® below which a
flame will not be sustained. It might be postulated that my" should be not
less than the value required to sustain a lower limit flame at its approp—
riate burning velocity over the whole surface; this would give mg™ equal to
about 1.5 x 10~4+ g/cm2s for fires in hydrocarbon liquids. On the other hand
-experiments on the extraction of heat from laminar propane-air flames(5)
indicate that a steichiometric mixture may continue to burm close to a surface
to which it is imparting heat at e rate similar to Q¢ when the combustion rate
is as low as 2.6 x 10~4 g/em?s, The above figures for mc" are about one-
tenth of the rate of combustion of pool fires under steady-:conditions; they
imply that Y may depend on critical rate of vaporisation when the dimension
of the fire is greater than 30 cm, for fires burning in a natural draught. '

The analysis so far has dealt only with burning liquid’. There are
difficulties in applying a similar snalysis to wood, The main difficulty as
far as the extinction of flaming combustion is concerned is that the heat
required to produce unit mass .of volatiles is not known. The slow decompog~
ition of wood is an endothermic process, i.e.)\f is negative, but Klason 53
showed that as the rate of decomposition increases the process changes from
being exothermic to endothermic, There is evidence that for the rates of
decomposition reguired to sustain a flame over a wood surface, the decompos-
ition is indeed highly endothermiec, For the extinction of glowing combustion
the analysis would have to be modified to take into account the loss of heat
from the surface by radiation and the effeot of surface temperaturs on the
combustion rate.

The above considerations are concerned with the rate at which heat must ;
be removed from the fuel in order that the fire may be extinguished by cooling
the fuel., The ability of the spray to remove this heat will depernd on the
properties of the spray and the fuel; this aspect of the problem will be
referred to when experimental results are discussed.

Bitinction of the flame
The criterion of extinction of a flame by heat abstraction inside ‘the

flame is that the combustion products as they leave the reaction zone should
not exceed the temperature they would have for lower limit flames; this
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temperature is about 1580°K for a wide range of flammable vapours and gases.

4 decrease in temperature approximately.to this value is obtained when extinc<
tion is obtained by adding nitrogen, water vapour, carbon dioxide or inert dust
to flames in stoichiometric mixtures.

- The amount of heat which it is necegsary to remove from the flame to
accomplish this is the difference in heat of combustion of stoichicmetric and
lower limit mixtures. For most flammable organic compounds and probably also
for -the volatiles from some common dry woods this is ebout 45 per cemt of the
heat of combustion of the fuel., Since with diffusion flames it would be
expected that there would be a zone between the fuel and the atmosphere where
the stoichiometric mixture occurs, the heet which has to be removed from the
fleme as a whole is 45 per cent of the heat of combustion of the fuel. It is
important, however, that this heat be removed either from the reactants or the
reaction zone. If the heat is removed from the combustion products the heat
recoval will not substantislly affect the temperature of the products leaving
the reaction zone. In a turbulent diffusion flame it is very difficult to
differentiate between the reactants, the reaction zone and the combustion
products. However, it would be expected that if a spray is capable of
removing all the heat of combustioa from the flame then the flame will be
extinguished.

"It is interesting to note that the heat removal required to extinguish
the flame by cooling the flame is twice as great as the heat which an extended
surface on the reactent side of the flame may abstract from the flame before
the flame is extinguished. This might be explained by a different balance of
heat release and heat loss rates for a vitiated flammable and a
stoichiometric flammable mixture close to an extended surface(8)., Owing to
the intractability of defining the position and properties of the reaction
zone in a turbulent diffusion flame the approach to estimating critical
conditions for extinction of the flame by water spray has been made on the
basis of heat transfer taking place within the whole flame. If V is the
volume of the flame, Z the mass rate of burning and H the heat of combustion
of the fuel, then I, the mean rate of the heat production per unit volume of
flame, assuming complete combustion of the fuel, is ZH, TIf the capacity for
heat transfer of the spray within the flame is defined as X, the rate of heat
transfer per unit volume of flame to the spray, then three critical criteria
for X may be put forward.

(1) Removal of all the heat in the flame neglecting the production of
steam as a regult of heat transfer to the spray

X1 = I ’ .oo-o(11)

(2) Removal of heat only from the reaction zone a.nd the reactants, but
also neglecting steam formation :

xz = 00#5 I .oc..(12)

(3) BRemoval ‘of heat only from the reaction zone end the reactants, but
assuming that all the heat transfer for the drops result in steam
formation. This will only be the case if the drops enter the
flame at the wet buldb temperature (about 750C). It may be assumed
that the steam formed will contribute to the cooling of the flame
8 quantity 3 per unit mass of steam equal to the whole of the -
senaible heat of steam from 370-1580°K, The ratio of A to ) , the
latent heat of steam, is 1.23. This gives

x X ous5T = 04951 ceeea(13)

o X

3 =



A fourth criterion may also be put forward if steam is formed outside
the flame either at the burning surface or at surrounding hot bodies. Under
these conditions the latent heat of veporization does not contribute to cool-
ing the flame but the sensible heat of steam up to 1580°K does. If the steam
is forwed at or sufficiently near to the burning surface to accompany the
reactents into the flame then the critical flow rate, W, of water required
would be '

W = 0.1;-5 % ..0.-('“4-)
If the steam is formed well away from the burning surface ani is heated by
the combustion products, then W mey rise to values equal to %I..

The quantity I in equationa {11) - (13) is an intemsity of combustion
and depends on the conditions of combustion, particulerly the air current in
which the flame is burning. For petrol, kerosine, benzcle and alcohol fires
30 cm diameter burning under conditions of natural draught, I was found to be
independent of the fuel or the rate of burning and equal to Q.45 to 0.50
cal cm'3s-1 (9).

The entrained air current in a spray not only affects the intensity of
comtustion but also affects the critical heat transfer rate required to

extinguish flame. There is very little information to allow the assessment
of this factor on 2 guantitative basis, but am indication of what might be
expected may be obtained from work on the blow out of flame at obstaclese
For example, if the assumption is made that the fundamental burning velocity
of the flame decreases in proportion to the heat transfer capacity of the
spray, then on the basis of relationships between the blow out velocity and
the fundamental burning velocity(10) it may be expected that

VBO = 93 - bx1 .5 to. 2d°.5 to 1 ...v'(15)

Where Vpg is the velocity of the entrained air cwrrent thaet will cause a blow

out when the spray has a flame heat transfer capacity X , 4 is a characteris- -

tic dimension of the gystem and a3 and b are constants.

It is of interest to compare critical heat trensfer rates for extinction
by cooling the fleme and cooling the fuel. It follows from equations (11) to
(14) that the critical heat transfer rate for cooling the flame is greater
than 20 per cent of the total heat of combustion of the fire. Eguation (&)
and subsequent remarks indicate that for cooling the fuel the critical heat
trensfer is less than 25 per cemt of the much smaller rate of combustion that
would occur under criticel conditions. On this basis much lower critical
flow rates would be expected for extinguishing the fire by cooling the fuel
than by cooling the flame. As opposed to this, however, it is feasible that
unit mass of water can, under critical conditions, be the sink of a much :
greater amount of heat from the flame (about 1300 cal/g) than it can from &
solid or liquid fuel (45 cal/g for kerosine and 750 cal/g for wood).

EXPERIMENTAL INVESTIGATIONS ON THE EXTINCTIQN OF FIRE

In order to examine the relevance of the above analyses of extincticn
mechanism, experimental investigations have been divided into two groups
covering investigations .in which there is substantial evidence that extinotion
was by cooling the fuel and the flame respectively. For investigations on the
extinction of fires in rooms, however, there has not usually been sufficient
evidence to decide on the mechanism of extinction and these investigations
will be deelt with separately.
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Cooling the fuel

Critical flow rate of spray for extinction of pool fires. Evidence has

been obtained from experiments with ppol fires that the critical heat transfer
‘rate for extinction of the fire by cooling the fuel is controlled mainly by

conveotion from the flame to the liquid rather than by radiation from the
flame. This evidence may be summarised briefly as follows:

(1) With sprays at less than the critical rate a steady fire condition
could be established with a temperature near the liquid surface not
greatly in exoess of the fire point, with a flame size very much
less than the size of the flame if no spray were applied., and with
the flame reaching down to the surface of the 1iquid(1).  In these
fires the predominant meohanism of heat transfer to the fuel
surface was by convection.

(2) The effect of scale on the critical flow rate was as may be expeotad
if conveotion controlled the critical heat transfer rate rather
than radiation.

The reason for the above phenomenon is that when radiation is the
predominant mechanism of heat transfer from the flame to the surface, the
bulk of the heat reaching the surface is taken up as latent and sensible heat
of the vapour leaving the surface and dces not manifest itself as sensible
heat in the remaining fuele. Thers is thus little resistance to the cooling
of the fuel by water spray. The temperature of the surface is also much
higher than the fire point and the capacity of the water spray for taking up
heat is correspondingly much greater. Fig. 2 shows critical rates to exting-
uish kerosine and transformer oil fires by cooling the fuel plotted against
the mass median drop size for fires burning in vessels 11, 30 and 243 cn
diameter. The curves for the 30 and 11 cm diameter kerosine fires were
obtained by extrapolating to the fire point relationships between the flow
rate of spray reaching the fuel and the resulting steady temperature near the
fuel surface, for sprays of different drop size;the spray was applied in a
downward direction(11), The curves obtained separate tests in which extinc—
tion took place by cooling from tests in which no extinction occurred.
Although for both fires the critical rate was approximately proportional to
the drop size, for a given drop size the rate was slightly less for the 30 cm
diameter fire than for the 11 cm diameter fire. If radiation controlled the
critical heat transfer rate, the critical flow rate for extinction would be
expected to be 100 per cent greater for the 30 cm diameter fire but if
convection controlled about 15 per cent smaller, The difference between the
points for tests with horizontal application of spray to a kerosine fire
30 cm diameter and for hand application of spray to a fire 243 cm diameter
may be accounted for by the different drop sizes of the spray. If radiation
controlled the critical heat transfer rate, a ratio of 2.5 would be expected
in the critical rate, After taking into account the probable effect of drop
size there was in fact no difference in the critlcal rates. However, the
oritical rate for horizontal application for the 30 cm diemeter fire was
about half that for vertically downward application. A possible reason for
this difference is that the spray pushed the flame sideways; as a result
thedrops did not becoms heated in the flame and have a greater cooling
capacity when they reached the liguid. )

The effect of radiation is likely to be much greater with pool fires in
which the burning surface can "see™ all the flame than with other fires. Since
radiagtion from the flame of the fuel being extinguished has e minor effect on
the oritical ratea for extinguishing pool fires by cooling, it is reasonable
to neglect it for other fires.



The effect of drop size on the critical rate follows from the fact that
the drops are in the liquid for only a limited time ard their size is a
contro].l%n§ factor in the rate at which heat is transferred, It would be
expeoted(1T) that the heat er from the body of the liguid to the dreps
would be proportional to D~%/3. However, the transfer ¢f heat from the
surface of the liquid to the interior would be expected to increase as the
eddy conductivity caused by the turbulent eddies set up by the motion of ths
drops on the liquid; this is estimated to increass as D+3. The aotual
effect of drop size results from a combination of these two factors.

The driving farce for heat tranzfer in the liquid may be represented by
AT, the difference in temperature between the surface of the liquid under
critical conditions (for practical purposes the fire point) and the tempera-
ture of the drops (for practicel purposes ambient temperature). It would,
therefore, be expected that for a given drop size the critical rate should be
inversely proporticnal toAT. Measurements of critical rate indicated in-
fig. 2 for downward application of spray to a transformer oil fire 30 cm
dismeter and hand application of spray to a fire 2,3 cm diameter support this.

Extinction time for pool fires. As long as the flow rate of spray is greater
than the critical value, then extinction will take place in a time which
depends on the amount of heat present in the burning fuel which must be
removed by the spray to reduce the surface temperature to the fire point.

With most pool fires this heat content increases as the preburn tims

increases up to about 10-20 minutes but for hot zome forming liquids, e.ge
beavy fuel oils, this heat content may increase indefinitely. Experiments
(12)(13) on extinction of ‘pool fires using fixed nozzles sited vertically
above the burning liquid (see plate 1) and for hand extinction of an 8 £t
diameter fire (plate 2) gave the following relaticnships.

Fixed nozzle -

t = 6,80 (0M)(T/ATP) ccces(16)

Hand application for 8 £t diameter vegsel .
t = 121,600 D05 FOE8 §0e39,q-1.67 033 (17)

‘where D 1g the mass median drop size of the spray in mm
¥ is the flow rate of spray in gallons ftﬂmn“
Y is the preburn tims in minutes
AT is the difference between fire point and ambient
temperature oC.
F, is the total flow to the fire in gallon/min.
L is the total number of tests carried out by the operator
t 4is the extinction time, sec.

The influence of drop size and of flow rate of spray are as may be

expected from considerations of heat transfer between the liquid and the dmpa;

The influence of AT, however, is greater than may be expected from a heat
transfer basis alone. A reason for this may be that the higher the value of
AT the greater was the temperature of the surface of the liquid in excess of
1009¢, particularly when epplication of water spray commenced, and the greater
was the steam formation in the liquid during the extinction process. This
steam probably accelerated the cooling of the liquid surface by stirring the

* “"gallon® refers to imperial gallon in this paper = 1 Imp. gall = 1.2 U.S.Gall.
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bulk liquid. An increase in the preburn time increased the extinct t
although to a lesser extent for ga.nd. application than forefixe&n apgﬂp.fca gn

The experience of the operator as expressed by the factor L in equation (17)
was also an important factor in the extinction of fire by hand application,

Both the equations (16) and (17) presume that the bulk of the spray

reaches the burning liquid, If the downward thrust of the spray was less than .

the upward thrust of the flames and if the flames could burn vertically
upwards against the spray, then the extinction time was prolonged. In this
connection it is noteworthy that the size of the flames in the first few
seconds of application were usually considerably greater than the size before .
application of sprey, as indicated in plate 1, This was due to the sputtering
of fuel infithe flame. However, for tests on fires 3 £t and 4 £t diameter in
a large roofless structure,the ambient wind was usually sufficient to blow the
flames away from the upright position and the force of the spray was not a
significant factor in extinction of the fire; if the spray was much wider
than the fire. With hand application of spray to an 8 ft diameter fire there
was no difficulty in enabling even fine sprays of low thrust to reach the
burning liquid, since the fire could be approached on the upwind aide and
applied directly to the base of the flames. A complicating factor in all
these tests was the occurrence of spleash fires with coarse spreys; burning
fuel was splashed into the flame by the spray and a vigorous flame maintained
even though the liquid was cooled well below the fire point. If, when a
splash fire was established, the spray were taken away the fire often went
out. An example of this is shown in plate

Fires in oil running over metal work. When sprays are spplied to a pool
fire which has been burning for some time, there is en initiel upsurge of
fleme and the flames then reduce in size gradually within the extinction timse.
When burning liquids are flowing over a surface the liquid lsyer is very thin
and the sensible heat in the liquld whioh needs to be removed is very small,
Providing the flow rate of water spray is near the critical rate the flames
are reduced in size almost immediately after turning on the water spray and
thereaf'ter are reduced in size much more slowly. This is illustrated in
Plate 4 which shows a fire in tranaformer oil flowing over a test rig
consisting a bank of tubes 5 cm diameter. The rate of flow required to
extinguish the fire in a given time depended on the preburn time in this

case since during the preburn period the tubes themselves were heated and
acted as a reservoir of heat dwring the application of spray. The effect of
the temperature of the tubes on the rate of flow required to control and
extinguish the fire is given in Figs 3. The relationships in Fige. 3 were
obtained for sprays projected directly dowmwards from 5 £t above the point in
the tube rig where oil was injected (6 in below the top), but tests in which
the sprays were projected from a similer distence from the side of the rig did
not glve significantly different results, nor was there any difference if the
tube bank was horigontel rather than vertical.  The drop size of the spray
was found to have no significant effect in the renge tested (mass median

046 to 3,0 mm); +there was evidence, howev?t that en increase in drop velo~
city increased the efficiency of the spray “:-) and the effect of the drop
.slze may have been masked by the fact that the ratio of drop size to drop
velocity was constant for the sprays referred to in Fige. 3. The tests
covered a wide range of ambient wind conditions. However, Fig.3 indicates
that the critical rate for these varying conditions increased as the tempera-
ture of the tubes increased. These critical rates may be taken as lying
between curves (1) end (3) in Fig. 3. .

A large number of tests have been carried out in the United States in
which water spray has bgen ?ﬁ’% ed to oil fires on sheet metal structures
simulating transformers 15) . A comperison between the results of these
tests and tbose carried out on the tube rig in England has indicated that to



obtein & given extinction performance under given conditions of nozszle pressurs,

oil fire point and preburn time, a mean flow to unit area of the envelope of
the tube rig on the evereage 2,3 times as great as that to the large sheet
metal similated transformers was required. BEquations 8 and 10 indicate that
the ratios of critical heat transfer rates to the surface would be about 1.84
the ‘expected ratioc of flow rates to the envelopes of the two risks would be
between 1.8 and 2,8, If the wind velocity controlled the critical heat
transfer rate the expected ratio would be greater. It is unlikely that the
condition for heat transfer to the drops in the oil would differ between the
oll running down tubes and a vertical surface slthough it would be expected
that the accessibility of spray to the surfaces would be easier for a flat
surface than for a nest of tubes. BEroadly, however, the comparison dces
support the theoretical approache.

Critical rate for extinction of a wood fire. Bryan“ N has measured the ocrit-
ical rate for a wood f:Lre consisting of pieces 2 in square section and a totel.
surfece area of 80 £t2. The minimum rate at which he obtained extinction with
water was 0.16 ga.‘l.lcns/minute corresponding to a rate of 0.01 g/c.mzmin Bryan
concluded from other observations that extinction was by cooling the wood.
Under the conditions he used it may be assumed that the water was entirely .
veporised; this would correspond to a heat tremsfer of Q.1 cal/cm+2s at the
wood surface. From information on the heat of combustion of wood volatiles
and aessuming thet critical exriteris as described above may be applied to
burning wood, it may be sstimated that 0.8 cal/cm=2g would have been trans-
forred from the flame to the wood surface under critical conditions. The
difference between the measured emd estimated values might be tgken to indi-
cate that a substantial heat trensfer, of the order of 800 cal/g, was required
to ceuse the evolution of sufficient volatiles for combustion.

Direct extinction of flame

To examine the relevance of the theory developed above it is necessary
to have an estimate for X, the heat transfer cepscity for the sprays. These
estimates were obtained using equation 18, a modification of tSG Rens and
Marshall relationship for heat transfer from gases to d.rops( #hich was
found to io]bd for w7er drops evaporating in a bunsen flame(19

a2 =

C + f’ specific heat, viscosity, thermal conductivity, density in
ST boundary layer' '

D drop sige, ¥, drop velocity relative to gas stream;
h heat transfer coefficient;

(3 enthalpy increase per unit mass of vepour between swrface and flame
temperature; .

>\ heat required to vaporize unit mass of the liguid.

In estimating X it was assumed that the concentration and velocity of the
drops in the flame were the same as in the approaching spray, and that the
contribution of the individuel fractions of the different drop sizes could be
added. Since the surface area of drops of size D present per unit volums of .
space through which the drops are passing is proporticnal to Mp/¥pD where Mp
is the flow rate per unit areas, it follows from equation 18 that .

X o U pm(1:5 t0 2:0) v ~(0:5 to 1.0) eeeen(19)
where M is the total £low rate per unit area, Dy and Vp, are a representative

I1To398¢ s ob(jﬁ'?’ Q/‘)D> ) : )
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drop sisze and drop velocity.

The extinction of fire by water spray by extinguishing the flame has
been atvs%isd with fires in kerosine petrol and benzole in a vessel 30 cm diam-
oter(20)(1), Extinction of the flame differed from extinction by cooling the
fuel in that there was a sudden clearance of a camparatively large volums of
flame which led to extinotien.

" When the spray was applied in a dovoward direction the flemes of the
petrol and kerosine fires were not extinguished unless the downward thrust of
the spray was greater than 60 and 4O dynes/cm? respeotively. These forces
are comparable with the upward force of the flames before the spray was
applied. With sprays of greater downward force the flames were extinguished
as long as the heat transfer capacity of the sprey was greater than about
0.15 cal/emds, and as long as the preburn time was not very short. The above
value is intermediate between those expected from equations 12 and 13, if I
i3 taken to refer to the upward moving flames before spray applicatien.

For a glven type of spray the most important factor in the heat transfer

" capacity is the drop size of the spray (equation 19) and in the thrust of the

spray the rate of flow per unit area of the fire. If the drop size of the
spray is plotted against the critical rate of flow for extinction at that
drop size, the above phenomenon of critical thrust manifests itself as a flow
rate below which the fire is difficult to extinguish with sprays of any drop
sige. Critical flow rates for extinction of a flame have been plotted in this
way in Fig. 4 for the kerosine and petrol fires; poiats for extinction and

_ non=extinction are shown for the petrol fire. For comparison critical flow rates

for the extinction of the kerosine fire by cooling the liquid have been
included. Similay relationships obtained by the author for sp produced
by hypodermic needles acting on a kerosine fire 11 cm diameterfgg, and by
the National Board of Fire Underwriters for sprays aoting on a petrol fire
15 om diameter(22) have been given elsewhere. The critiocal flow rate below
which extinction was difficult was smaller in both cases than those shown in
Fige & for the 30 cm diameter fires. This may be mainly attributed to the
smaller dimension of the fires and the resulting smller upward force of the
flames, but different conditions of test ard different patterns of spray at
the fire area also probably played a part. BExtinction of the flame has been

- found to be easier if the peak concentration of the sprey is near or even

outside the edge of the vessel, since after a clearance of part of the flame,
the remmants of flame from which a flash back may occux are at the ed.ge(m).
This phenomenon may account also for comsa.satively low flow rates for -
extinction of flame reported by Y. Yazi(23),

During the tests the flames were ususlly wild with frequent partial
clearance and flashbacks. However, with petrol and benzole fires when the
preburn time was very short (less than 10 sec) and when sprays with high

_downward thrust were used, the spray pushed the flame immediately into a -

flat flame close to the liquid surface which was very difficult to exting-
uish. The appearance of the flame depended on the drop size and heat o
transfer capacity of the spray; a spray with a valué‘fgqual to Ol cal/cm“jsf-
geve thin blue flames near the inside edge of the vessel (plate § = );with

a value of X of 0.1k cal/cmds’; a belt of yellow flame covered the whole
vessel. Flames stabilized close to the liquid swrface were also obtained if
spray were applied to the surface at an angle less than 309 to the horizontal.

‘Tt was estimated_that the valus of I for.flames stabilized in this way was

about 2.5 cal/cm”8... It would, therefore, be expected that a value of X
equal to asbout 0.5 to 1 ca.l/m;q, would have been required to extinguish
these flames reliably. - .



Iéggsession enzlyses on the extinction time for the kerosine and petrol
fires indicated that for sprays with a given value of X the entrained
air current had a powerful effect on the extinction time, This effect was -
much wore powerful than might be expected from a relation suck as is given
in equation 15. This may be attributed to two reasons. Firstly, the entra-
ined air current helped to present the spray to all parts of the flame;
associated with this reason it also helped the spray penetrate to the burning
liquid, cooling the latter and tims reducing the size of the flame. Secordly,
the entrained air current tended to blow away the thick vapour zone which was
usually established after burnming for about 10 seconds and thus render the
flames unstable.

EXTINCTION OF FIRES IN ROOMS

Testas have been carried out by many asuthorities on the extinctlom of solid
fuel fires in rooms. It is not yet clear, however, whether these fires are
more efficiently controlled by cooling of the fuel or bty the formation of
steam which cocols the flames.

Kawagos(2*) bas found that the rate of burming in room fires is, an the
average, directly proportionsl to the ventilation, and the constant of propor-
tionality indicates that the ratio of air to fuel volatiles is the stoichio-
metric ratio., When fires in rooms are attacked with sprays from an opening
in the wall, then additional air would be entrained into the rvom comparabls
with the normal ventilation rate through the opening. Under these conditions
it may, therefore, be expected that the fire is burning with excess air when
extinction is commenced. The critical amoun%; of steam required to smother tke
flames would then be governed by equation(i4). It may be estimsted using
equation 14 that if steam is obtained by the impact of spray on the burning
swface, the critical flow rate of water to.form sufficient steam to extingnish
the flames is 10 to 15 times greater than that found by Bryan(17) to be
necessary to extinguish a wood fire by cooling. However, conditions in
practical fire fighting may still frequently be such that steam extinction
would require the use of a smaller total quantity of water.

From the intrinsic nature of extinction of the flame by steam and extine--
tion by cooling the fuel, the qualitative effect of various factors on the
efficioncy of control (i.e. critical flow rate and quantity of water required)
may be deduced., These effects are compared in Table 1.
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Table 4

Effect of various factors on control of room fires
by vooling and by steam formation

Factor Cooling the fuel | Steam formation
1. Increase in preburn gCritica.l flow rate increased |No effect -
time isomewhat. Quantity increased
: approximately in proportioen
to preburn time, .
2, Decrease in ease of
access of water spray ;Quantity increased No substantial
to burning surfaces. effect if walls are
: hot.

3« Increase in the Critical flow rate increased | No substantial
fraction of incombus-!(due to rediant heat falling | effect if incombus~-
tible surface present; onto burning surfaces). tibles surfaces are
total area of combuse, hot.
tibles remaining the
88IM0 « :

4. Increase in 'No effect Critical flow rate

ventilation ' and quantity
. increased.

5. Linear dimemsion &  Critical rate proportional | Critical rate
: : to d ) ! prop'grtional
| to a°/2

Available test results have been summarised by Hird et 31(25 ) but owing
to the lack of a gystematio investigation of the above factors, at least on
the full scale, it is not possible to give a firm opinion on the extimetion
mechaniam. o amounts of water used to control the fires varied from 2 to
15 gallons/1G00 £t3. The above workers also carried out a comprehensive
series of tests in which sprays of varying pressures from 80 to 500 1b/in2
and with flow rates from 5 to 25 gallons/minute were used against a standard
fully developed fire in a room of volume 1750 £t3. The tests are illustrated
in plate 7. The quantity of water required to control and extinguish the fire
was 7 and 17 gallons respectively, and within the varlance of the results,
was independent of the pressure, the flow rate and whether jets or sprays were
used.

USE OF WATER SPRAYS IN PRACTICAL FIRE FIGHTING

The following broad principles may be put forward on the basis of the
experimental work carried out at the Joint Fire Ressarch Organization and
elsewhere.

(1) 1In genmeral the best way of putting a fire out is that spray should be
made to reach and cool the burning fuel. The rate at which the spray need
absord heat in doing this is generally far less than the rate of production
of heat by the fire, Experimental results are available giving information
on critical rates for a few systems. On the basis of equations 7 -to 10 or
other relationships developed in similar manner, it is possible to extrapolate




these results to other systems as long as heat transfer between the spray drops
and the fuel behaves in a similar way, Perhaps the most important consequence
of equations 7 to 10 is that critical flow rates per unit asrea for a given type
of gystem should not increase as the scele increases; under some conditions
they may in fact decrease.

(2) If sprays are applied downwards to a fire with a flame moving steadily
upwards then for the bulk of the water to reach the burning fuel the downward
thrust of the spray should be comparable to the upward thrust of the flame,
These two thrusts may be calculated as indicated in the paper. If the sprays
are applied laterally or by hand from ths windward side of a fire, a much smalle
er thrust is necessary. -

(3) Water sprays in current use ere unreliable in extinguishing a fire.that
cannot be extinguished by cooling the fuel. However, extinction may frequent-
1y be obtained with available fire sprays produced by pressure nozzles.(mass
median drop size 0.2 = Q.4 mm) particularly if there is no change to stable
burning in the air current of the spray. Then extinction is not obtained, a
large reduction in the size of flame may be achieved.

{4) For most of the fires for which water sprays are useful, e.g. fires in
solids and fires in high boiling liquids flowing over solid surfaces, the drop
size of the sprey is not usually an important practical factor. However, for
fires in deep pools of high boiling liquids the efficiency of the spray
increases as the drop size is reduced.

(5) The pressure at a nogzzle influences a number of factors that affect the
' extinction of fire. However, where sprays may be reliably used for extinction
of fire, an increase in pressure about 100 1b/in2 with a given flow rate of
spray has not been found to confer any extra efficiency on the spray provid-
ing that the water can reach the seat of the fire. The choice of pressure
for a pump, therefore, depends rather on operational factors, in particular
the length and diameter of hose line and the flow rate which it is desired to
give the operator, than on intrinsic efficiency of the spray in fighting the
fire. It should be added here that an increase in flow rate, or a ds egse
in cone angle, bas a greater effect on increesing the throw of a sp:.-a;](-2 »27)
than an increase in pressure, and that an increase in pressure has a smaller
effect on reducing the drop size of a spra‘g when the pressure is ebove

100 1b/in2 than when it is below 100 1b/in

Finally, it is instructive to compare quantities of water which have
been found necessary to extinguish experimental fires with those actually
used in practical fire fighting. For fires in rooms it has been found
experimentally that about 10 gallons per 100 £t2 of flocorarea is required and,
according to the drop size of the spray, from 5 to 15 gallons may be used to
extinguish a ges o%l Sool fire of the same size. According to information
provided by Hobius{28) the minimum quantity of water to extinguish fully
daveloped room fires under operatiaonal conditions is about 100 gallens.
Thomaaiio) made an analysis of the amount of water used at large fires based
on the number of pumps called to the fire., It may be estimated from this
analysis that for large fires approximately 1000 gallons of water is used for
100 f£t2 of the fire. Thus, either wastage or operational difficulties in
applying water to fires is by far the most important factor governing the
amount of water used, and this would asppear to be a direction where a
substantial research effort is worthwhile,
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APPEIDIX
THRUST OF FIAMES AND SPRAYS
Thrust of flames \

A complete analysis of the movement of flame has not yet been made, but
as this movement is controlled by the bucyency of the flame, it would be
axpected that the upward thrust would be proportional to the flame height
Anelysis of bwoyant columms rising from small heat sources indicate(30 ,315
that the thrust at the centre of the column is given by

PV =S E 2O (g - P)5F

where J() is the density of the coclum at a point z above the source and (%
is the dénsity of the ambient air. v

In Fig. 5 some calculated thrusts based op measurements of the upward
velocity of flames and the flame tempez-ature(ﬁ are plotted against the
buoyancy head (Jf’u"fy)s’xr for fires in different liquids burning in a vessel
30 cu diameter; {;is the density of the flame and x the height of the point
in the flame for which the thrust was estimated. The velocity measurements
were made by ovserving the upward motion of the ‘top of the flame and eddies at
the side of the flame as recorded by a cine camera; <the calculation. of the
thrust was made for the mean time of burning and the mean height of the flame
at which messurements were made. The temperature on which [fwas based was a
mean temperature across the flame as measured by the Schmidt method. The
streight line relation (equation 21) obtained

.2 ; P
\% v o= oA (JOO ‘J(’s)-j X‘ ceeve(21)

" confirms the proportionality expected and indicates that thrust is independent
of the nature of the burning fuel. The constant, however, is considersbly less
than would be expected from equation (20).

On the basis of equation (21) it is possible to calculate the upward
thrust of the flame knowing the flsme heights. The latter has been related
by Thomas to the rat? OS burning and the main dimension of the fuel layer
for solid fuel fires{3e), :

Thrust of a spray

A spray after leaving a nozzle very soon becomes a suspension of drops
moving in an air stream. The air stream is generated by the transfer of
momentum from the drops and is of importance in determining the velocity of
the drops and the motion of the spray as a whole. The total forward thrust
of a spray may be measured by the reaction at the nozzle. Measurements of
the entr(-aised air current of sprays directed downward from a number of
nozzles{33)have shown that for sprays of mass median drop size less than
1,0 mm the bulk of the thrust is transferred into momentum of the airstream
by the time the spray has reached a plane 6 £t below the nozzle; most of the
remaining thrust may be accounted for by momentum of the drops moving at the
velocity of the air stream. For very coarse sprays (mass median dropssize
1.5=3.5mm) about 50 per cent of the initial thrust is converted inte momentum
of the eir current.

. The reaction of a jet is the product of the flow rate and the velocity
at the nozzle, both these factors being proportional to the square root of the
pressure. The reaction of a spray nozzle, however, is less than the product
mentioned abore due mainly to the presence of "Alteral motion in the spray.
Fig. 6 shows the retios of the reaction of a. nulber of spray nozzles to that

of corre ond.inﬁ perfect jets and indicates the extent to which the reaction
is reduced as the cone angle increases and as the spray pattern becomes less




poaked in the centres. Knowing the reaction at the nozzle, an spproximate
estimate of the mean forward thrust in a plane is given by R/A whers A is the
cross—sectional area of. the sprsy inm the plane, and if the assumption is also
made that the thrust has been entirely converted into movement of the entrained
air streem then the air velocity V. may be given by:-

Rl . —

g "v‘: = R = & -’o.: L
$e v ' \C a ceees(22)

where is a constant depending on the nozzle
B is the nozzle pressure
P 1is the flow rate

ol

Bquation (22) gives, of course, a mean value of va. There is evidence,
however, tkat the distribution of entrasined air velocity in a plane perpendic-
-ular to the spray: axis, when both entrained air velocity and distance from
the axis are expressed in dimensionless terms, is approximately independent of
the distribution of flow rate within the spray. In addition the distribution
of the entrained air velocity is similar to the distribution found in a turbu-
lent air jet. These points are illustreted in Fige 7 whick shows an almost
identical distribution of the entrained air for two sprays with widely differ-
ent spray pattern. The radius of the spray referred to in this figure were
radii where the entrained air velocity and water flow rate were respectively
1/100 of the values in the centre of the spray.

For sprays with a similar pattern over a given area it follows from
equation 12 that for a given part of the spray

Yo & 025 05 veeee(23)

where M is the local flow rate per unit area. A relation similar to this
has been found to hold for a wide range of values of P and M for spreys
projected dowmward from a battery of impinging jet nozzles 26),
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Spec:.fio beat i.n gas ‘boxmdary lwer
ILinear dimension

- Acceleration due to gravity . . N

Heat transfer coefficient

Tharmal conductivity

Linear dimension :

Concentration of oxygen in the alr .

Bate of burning per unit area per unit time
Stoichdometric ratio (weight of air/weight of fuel) .

Time

Velocity of entra:.ned eir, of spray drops, and velocity -
to blow out flame.

Upward velocity in flame, in buoya.nt hot columm.

Height of flame

Height of buoyent columm.

Cross sectional area of spray.

Transfer number (after Spalding)

Drop sise.

Total'flaw rate of sprey

Heat of combustion

Intensity of combustion in flame

Total flow rate of spray per unit area, flow rate of drops
size D,

Number of tests carried out by operator.

Pressure to produce spray with pressure nozzles.

Heat transfer to fuel surface per un:lt mass of fuel
vaporised, critical value of Q.

Reaction of nozzle.

Gas temperature, surface temperature.

Difference in temperature between fire point and amb:l.ene.
Volume of flame

Critical flow rate of water to extinguish flame by
steam formation.

Critical values of X.

Heat transfer to spray within unit volume of flams in
it time.

Preburn time

Bate of fuel consumption in fire.

Thermal diffusivity

Sensible heat of steam or vapour.

Heat taken up as sensible heat in fuel per unit area of
surface per unit tims. of

Heat required to vaporize unit msa;liqv.dd of fuel.

Viscosity in boundary layer.

Density in boundary layer, in flame, ambient eir,in
buoyant column.

Thrust of spray

Critical value of ¥
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BEFORE SPRAY is ls
" APPLICATION '

EXTINCTION OF FIRE IN TRANSFORMER OIL BY
! DOWNWARD APPLICATION OF SPRAY FROM FIXED
NOZZLE (EXTINCTION TIME 8-8 s)

PLATE 1

e — -



BEFORE SPRAY APPLICATION EXTINCTION AT NEARSIDE OF
RIM : :

FIRE UNDER CONTROL JUST BEFORE EXTINCTION

EXTINCTION OF FIRE IN HEAVY FUEL OIL BY
HAND APPLICATION OF WATER SPRAY. SPRAY
FLOW RATE 1.4 GAL/MIN.

" PLATE 2
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BEFORE APPLICATION OF SPRAY .

-

' SPLASH FIRE DURING APPLICATION
N : OF SPRAY

SPRAY

SPLASH FIRE CAUSED BY THE ACTION OF A COARSE
- SPRAY ON BURNING DIESEL OIL

Yy PLATE 3



X

APPLICATION

CONTROL OF FIRE IN TRANSFORMER
OIL ON A BANK OF TUBES

PLATE 4
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STABLE FLAME CAUSED BY ACTION OF FINE
SPRAY ON PETROL FIRE. DROP SIZE OF SPRAY
0.28 mm. FLOW RATE 1.6g cm-2 min-!

PLATE 5

STABLE FLAME CAUSED BY ACTION OF SPRAY
ON PETROL FIRE. DROP SIZE OF SPRAY
0.28 mm. FLOW RATE 1.6g cm=2 min-!

PLATE 6
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ATTACK WITH A WATER JET ON A FULLY DEVELOPED

——r

FIRE IN A ROOM

PLATE 7
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. . Improving the Effectiveness of Water for Pire Fighting
C. S. Grove, Jr. and A, R. Aidun ’
-Syracuse University, Syracuse 10, New York
INTRODUCTION

Fire is of great benmefit to mankind. ‘It furnishes the heat for his cooking and

. for warmth of his shelters. Until the relatively recent advent of nuclear power,
" some form of combustion process, that is fire, provided the major source of energy

for his power.

However, along with its tremendous value, fire has also proved a terrible emnemy

of mankind, Few people need to be convinced of the heavy annual waste resulting from
uncontrolled fires in the civilized world, as well as in areas where civilization

has progressed more slowly.

" Uncontrolled fires have caused frightening physical, mental and financial losses
to local communities., For example, from 1948 to 1952, the average annual fire loss
according to the National Fire Protection Association in the United States amounted
to $814,957,000., Even this figure cannot possibly take into account the lost lives,
the destroyed businesses and the disruption of production.

_ This paper discusses a new method to help mitigate this terrible toll of fire
waste., Ideally, the best way to combat the problem of fires is to prevent them.
Unfortunately, this approach appears to be one of the most difficult to implement.
Another way to combat this problem is to increase the rapidity with which fire
extinguishing agents function, A

Research scientists in fire fighting are constantly working toward this goal.
If an improved extinguishing agent can be developed, the fire loss can be decreased.
Scientists at Syracuse University have been working toward such a goal for the past
fourteen years. From 1947 to 1957, the primary concern was with methods to increase
the effectiveness of fire fighting foams. During the past four years, these
researches have been concentrated on methods to improve the fire fighting character-
istics of water.

The original fire research conducted at Syracuse University dealt with fire
fighting foams. The major objectives during this work were to develop better foam
formulations, foam generation techniques and foam extinguishing systems. These
studies were largely carried out under the auspices of the Navy and Army. Early
experimental work was partially responsible for the development of the high
expansion foam used to envelop an aircraft crash fire. Other uses of foam in air
disasters are for covering a runway for a "belly landing", blanketing a gasolime

-spillage to prevent fires from starting, and even for calming wave action in sea

rescue operations., Syracuse University conducted much of the fundamental research
on these uses, while the govermment facilities were concentrating on pertinent
applications, Foams are probably the best methods available for extinguishing
Class B fires.
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During this work there was also some experimentation with the extinguishment of
Class A fires which are normally attacked by water, The studies on foams led to the
belief that some of their outstanding qualities, such as blanketing ability and high
viscosity, might be obtainable in water through the uge of certain additives. The
present study was thus initiated to determine whether additives improve the fire
fighting characteristics of water,’ and 1f so, which fornmlation is most effective.

Water in its natural state has been used to extinguish fires for many centuries.

It has three great advantages because of its cooling properties, low cost and almost
universal availability., Before the great trend toward urbanmization in the United
States and other parts of the world, these three qualities were sufficient to offset
some of the limitations of water as a fire fighting agent. However, today when a
. city fire is feared not only because of the damage inflicted to one building but also

because of the possibility of damage to a great area, these limitatioms can not be
completely neglected. There i8 also a further danger that with the current population
explosion, the supply of water may be extremely limited in some areas.

The limitations of water are essentlally .three fold. .First, because of its low
viscosity, water forms a thin film which rapidly runs off the burning structure.
This may allow the fire to reignite. Secondly, water's continued blanketing ability
is limited. Third, water has redatively poor reflective powers. -If the radiant
energy of the fire can be separated from the source of fuel, more rapid extinguish-
ment of the flame is possible. The reflection of the radiant energy away from the
adjacent buildings will help to prevent the spread of the fire. -

EXPERIMENTAL PROCEDURE

The approach to this problem has been to prepare solutions of various additives
and water and to- test these new solutions for fire fighting effectiveness. Basically,
the experimentation has been with two major groups of additives: viscosity additives
and opacifier additives. Detergents have been used in limited amounts to improve
the initial spreading of the viscous water. Viscosity additives are utilized to
improve the blanketing and run-off properties of water. The opacifier additives are
employed to reflect radiant energy away from the burning and/or adjoining struc-
tures, .

Work to date has been prxmarily directed toward che evaluation of v-Lscosity
additives and these additives have generally been the most effective. However,
experience with opacifiers has also been accumulated., Samples have been received
from many major manufacturers of viscosity, opacifier and detergent additives.

_ Essentially, the basic approach 1s to screen these additives in the laboratory ancl
then test the more promising ones on small and large scale fires. '

The viscosity additives, are tested on a run-off simulator apparatus (ROSA)
which was designed and built im the Syracuse University laboratories. This apparatus
was designed to simulate the actual rumn-off properties of the .fire fighting solution.
It measures the fluid film time, temperature drop, and volume of the liquid
evaporated.

The more promising additives are subjected to a small scale fire test. Al}
small scale fire tests are conducted in a small laboratory built expressly for this
purpose. The test site itself is constructed such that the tests can be conducted
in a controlled enviromment. Such variables as rain, snow and wind velocity do not
affect the test conditions (7). Both the small and large scale fire tests are
conducted in an enclosed fire room. This room comsists of a Butler building which
is approximately 13' x 12' x 12' and which is constructed of galvanized sheet metal.
A window has been inserted on ome side of the enclosure so that the performance of the
solution as it is sprayed on the burning surface can be observed. Exhaust facilities
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have been provided to permit adequate control of ventilation or draft.

The fuel generally used for both large and small scale fires is California clear
pine which has been presoaked in kerosene, for approximately 30 secomds. For' the
small scale tests, eight pieces of the wood, 1" x 3" x 10", are arranged in two tiers.
A single nozzle (Fulljet 1/8 GG8, manufacturered by Spraying Systems Company) is
located at the height of 6 feet above the fire. The wood is ignited and the fire is
allowed ‘to burn four minutes before extinguishment is started. Through use of
thermocouples and a radiometer, it has been found that almost all of the test fires
reach their maximum intensity at this time interval. In studying the effect of
viscosity on extinguishment, a uniform preburn time of four minutes was used, On the
small scale fire test, the sample solution was sprayed on ‘the burning structure at a
rate of 1.G.P.M. '

After the various solutions of additives are tested on the small scale fires, the
surviving promising ones are further tested on larger scale fires. 1In this test the
wood, which is 2" x 4", is arranged in three tiers. The first tier is comprised of
13 pieces each 36" long spaced one inch apart, The second tier is comprised of 12
pleces each 35" long, and the top tier consists of 12 pieces each 34" long. This
is shown in Figure 1. Thus, a type of truncated pyramid structure is obtained. Only
the wood in the first tier is presoaked in kerosene. In this test, four nozzles
(Fulljet 1/4 GG nozzles, manufactured by Spraying Systems Company) are used for
extinguishing the fire. The nozzles are equally spaced at a distance of 1.4 ft.,
from the center of the fire crib, and approximately 12 ft., above the wood arrangement.
In the larger scale fire tests, varied preburn times are used but the sample solution
is sprayed on the burning structure at a rate of 3.6 G.P.M., 19 psi.

After ignition, the intensity of the large scale fire continually increases until
it reaches a maximum after about three minutes. (Figures 2 and 3). The preburn times
for the large scale fire tests are varied in order to permit thorough analysis of the
effects of various additives on extinguishment., Each formulation is tested on the
larger scale fire and the results are compared with corresponding data obtained using
water alone,

Recent work has been concentrated on transferring the optimum formulation

. results from the laboratory to field fire tests. In these efforts, local county

fire departments have cooperated. Several series of field fire tests have been run

‘in cooperation with the Navy Fire School at Norfolk, Virginia on cribs of seasoned

2" x 4" pine wood, measuring approximately 8 feet on a side and 4 feet in height.

In addition to these relatively controlled tests, close liaison has been
maintained with the U. S. Department of Agriculture, Forest Service, Division of
Forest Fire Research, Berkeley, California. Mr. Carl C. Wilson, Chief of the Division,
and associates ran.operational studies in the summer of 1960 and are running
additional operational studies at this time utilizing viscous water on some of the
tank fire trucks for fighting forest fires.

RESULTS AND DISCUSSION

Studies to date have yielded some quite significant results. A number of
viscosity increasing additives have been found which improve the effectiveness of
water as a fire fighting agent. Some additives are more effective than others.
Opacifiers have been shown tp decrease the radiant emergy transfer. Further study
on opacificers has been delayed since over 75% of the total improvement was attribut-
able to increased viscosity. Viscous water without opacifiers offers less attendant
storage problems.
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(a) TInitial Control: One of the important factors in fighting Class A fires
is the "knock-down' or initial control. This is a very difficult parameter to measure
quantitatively due to the differences in fire fighting personnel and procedures.
However, experience in the laboratory fire tests (Figure 4) and in the field fire tests
has shown that viscous water '"knocks down" the fire much more rapidly tham plain water.
The fire fighters can advance up to or into the structure for rapid control and later
for final "clean-up". As a further advantage, more rapid initial control means less
fire damage and in some cases, preserves life.

A rather vivid illustration of this phenomenon was reported (1) from some tests
run by the Los Angeles City and County Fire Departments at the Van Nuys, Califormia
Airport. "A previously exposed building was ignited and one room allowed to become
completely involved. The fire was then knocked down in 15 to 20 seconds with viscous .
water at an application rate of 30-40 G.P.M. The demonstation was repeated several
times. Finally, the building was allowed to burn until it was completely involved
and about half of the roof had caved in. At this point one of the Los Angeles City
Mountain Battalion Crews attempted to extinguish it. They used a small pumper with a
capacity of about 35 G.P.M. They made little, if any, progress and gave up after one
of the firemen received minor burns, The viscous water crew next took over with
about the same application rate and were able to knock the fire down and bring it
under control in about four minutes".

(b) Extinguishment Time: Small fire tests were conducted on cribs consisting
of eight pieces (1™ x 3" x 10™) of California clear pine arranged in two tiers, four
pieces in each tier, with one inch spacing. The viscous water was applied at a rate
of one G.P.M. after a preburn time of four minutes. The extinguishment time decreases
as the viscosity is increased. Figure 5 illustrates this effect by two different
viscosity additives, Monsanto DX-840-91 and bentonite clay, Volclay (2). Volclay
reaches its peak of effectiveness at a viscosity of five centipoises, while Monsanto
DX-840-91 reaches its peak at ten centipoises. The reason for this difference is not
fully explainable.

Larger scale fire tests were run as previously described. The results (3) of a
series of tests comparing extinguishment time for water and for viscous water, obtained
from the addition of Dow ET-460-4 are shown in Figure 6. Certain uncontrollable
variables, such as the chemical and physical properties of the wood and the difficulty
of obtaining a perfectly reproducible test fire, cause .a scattering of the data.
However, it can be clearly seen that the use of viscous water gives a marked reduction
in extinguishment time when plotted as a function of minutes of preburn time. For
example, at a preburn time of four minutes, water took about 8 minutes for complete
extinguishment, while viscous water (5.5 cp.) averaged about 1 1/2 minutes. With
water, the wood collapsed during extinguishment for a preburn time of five to six
minutes. On the other hand with viscous water, extinguishment was so rapid that it
was possible to obtain preburn times of as much as nine minutes, with no wood collapse.
Other additives for increasing viscosity, e.g. sodium alginates, were tested with
results of the same general magnitude. ‘

The results on extinguishment time .for Dow ET-460-4, Carboxymethyl Cellulose
(CMC) and water are shown in Figure 7, with preburn time as a parameter. =Each
viscosity additive reduces extl.nguisbment time, although at the same viscosity Dow
ET-460-4 appears to be more effective than CMC.

Field fire tests at the Navy Fire School in Norfolk have confirmed the reduction
in extinguishment time when viscous water is used., The percentage reduction is not
as marked as in the laboratory but control and reproducibility of open field fires
are much more difficult; scatter of data is wide.

Based upon laboratory results, fire fighting agencies in Califormia and Nevada
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pooled their efforts in 1960 to conduct a series of suppression and retardant tests
to determine whether the chemical additives could be used to help control forest
fires with ground equipment.. A report (5) on this effort from the U. S. Department
of Agriculture, Forest Service, Division of Forest Fire Research states: 'Viscous
water reduced suppression time under many conditions and was outstanding in keeping
fires from rekindling. The residual film of algin thickened water seemed to be
particularly effective in extinguishing usually difficult-to-extinguish fires in
fuels such as baled hay and sawdust. Although there were operational difficulties
such as spoilage and slight corrosion of metal parts, most problems have or can be
solved.. The dry powder that makes the water thick can be mixed on the fireline in

' 1l to 5 minutes using the jet-type mixer which is easily installed on the truck”.

'(c) Reignition: A common problem in Class A fire fighting is the reignition of

the fire after it has been extinguished, due to the residual heat. Many such experiences

have been presented in fire fighting annals. One of the outstanding characteristics
of the viscous water extinguishment is the almost universal lack of reignition after
the fire is Mout”. This is quite evident in the controlled laboratory test fires. A
large number of detailed tests have been reported (3,4) which show that fires
extinguished with water reignited from one to four times after initial extinguishment,
while most of the ¢omparable fires extinguished with viscous water did not reignite.
It was also quite evident that water extinguished fires retained much more residual
heat, necessary for reignition, than viscous water extinguished fires. :

Comparable results on reignition have been observed in various field fire tests
at Norfolk and at Mariposa Airport, California. Reignition occurs at times even with
ektinguishment with viscous water; however, it is much delayed and is more easily
controlled. Davis (6) stated in regard to the Mariposa Airport tests: "The chemicals
also had a noticeable effect on rekindling of the charred cribs that remained after
the initial suppression. Although cribs sprayed with viscous chemicals did reignite,
rekindling was slower in starting and cribs that rekindled, burmed at’'a lower rate
than those sprayed with water™.

(d) Reduced Water Consumption: In many tests, it has been shown that the rate
of extinguishment with viscous water is many times greater than with plain water.
This means that a given fire can be foughr with reduced water consumption; the water
actually used is much more effective, While in many parts of the world, water is
available in unlimited quantities for fighting fires there are many other places on

. the globe where water is very scarce. A good example of this is Southern California.

Where fires need to be fought in isolated places and all fire fighting water
must be brought in by trucks, it becomes of grave importance to utilize fully every
bit of water., 1If one assumes a five fold increase in rate of extinguishment for

" viscous water, it is easy to see that one tank truck of viscous water can control as

much fire as five tamk trucks of plain water.

(e) Reduced "Run-Off": An obvious disadvantage of poor utilization of water is
the rapid "run-off" so that only a portion of the water is effective. A large
number of laboratory fire tests have shown that viscous water is more effectively
used for extinguishment. A group (3) of comparative tests were run to check this

_point under controlled conditions., Plain water applied at a rate of 3.6 G.P.M.

averaged three pounds per minute of "run-off"; for CMC at a viscosity of 5.5 cp., the
"run-off" was only 1.5 pounds per minute; and for Dow ET-460-4 the rate was less than
1 pound per minute of 5.5 centipoise viscous water.

A corollary to the more effective use of viscous water is the reduced water
damage to structures, contents, and adjoining facilities. Every one recalls the large
fire several years ago in lower New York, in which the old Wannamaker store building
was destroyed, but, does every one recall that the adjacent subways were flooded out
of service for many hours? Frequently, firemen complain that water damage to the
contents of a structure is as great as the fire damage.
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(f) Logistics of Chemical Additives: The amount of chemical additives required
to achieve an optimum viscosity of water for fire fighting varies with the character-
istic of the chemical. Satisfactory viscosity can usually be achieved with less than
0.2% of a chemical additive. This percentage would require about 16 pounds for treat-
ment of 1,000 gallons of water.

Some of the chemical additives are only im pilot plant production, so costs per
pound are not firm. Others, such as CMC and Keltex FF, are in full productioun. At a
price of $0.50 per pound for chemicals, it would cost less than one cent per gallon to
raise the viscosity of the water to a satisfactory point. This would not be consid-
ered prohibitive under many conditions of fire fighting. :

Davis and Phillips (5) state that for fighting forest fires even a higher cost
per gallon for chemical additives is not prohibitive. '"The price per gallon is
reasonable for all of these chemicals, only 3 to 14 cents per gallon".

CONCLUSTONS

1. Viscous water produces much more rapid initial comtrol of Class A fires.

2. The rate of extinguishment of Class A fires is more rapid with viscous water.

3. The danger of reignition is markedly reduced when Class A fires are extinguished
with viscous water.,

4., A lower amount of viscous water is required for extlnguishment of Class A
fires.

5. Markedly reduced "run-off" of viscous water mitigates water damage.

6, Logistics of chemical additives for fire fighting is economical.

LITERATURE CITED

1. Davis, J. B., Private Communication,. United States Department of Agriculture,
Forest Service, Division of Forest Fire Research. (March, 1961)

2. Aidun, A. R., “Additives to Improve the Fire Fighting Characteristics of Water",
Quarterly Progress Report No, 9, Contract No. NBy 13027 (October, 1959).

3. TIbid., Quarterly Progress Report No. 11 (april, 1960).

4. Ibid., Quarterly Progress Report No. 12 (July, 1960).

5. Davis, J. B. and Phillips, C. B., "Fire Fighting Chemicals -- New Weapons for the
Fire Suppression Crew", Pacific Southwest Forest and Range Experiment Statiom,
Research Note No., (In press), 1961.

6. Davis, J. B., Private Communication, United States Department of Agriculture,
Forest Service, Division of Forest Fire Research. (October, 1960).

7. Grove, C. S. Jr., ™ethods to Improve the Fire Fighting Characteristics of
Water", Proceedings of the Sixty Fourth Annual Meeting of the National Fire Protection
Association, Page 38 (May 16-20, 1960).

™ SR N

q
A




- -

T — -~

P

.

Figure 2






RN

—wa g SR

MINUTES.

“EXTINGUISHMENT TIME -

28
2:4

2-0

© - = N M N °© O -
@ N oo ‘o J N 'S ®

o
¥

®o

SMALL SCALE FIRES

O MONSANTO 0X-840-9I

EXTINGUISHMENT INITIATED AT A
SPRAY RATE 1-O G.PM. AFTER
4 MIN. OF PREBURNING TiME

B G

® BENTONITE CLAY "VOLCLAY"

o

[ ]
\\l q .
\ [ ‘1 .
[ ] h— .
[ ] P9 ‘
. [ ]
2 -4 6 8 0 12 14 16 I8 20 22 24

VISCOSITY — CENTIPOISE

" EXTINGUISHMENT TIME VS PREBURN TIME

FIGURE. 5




- Tl T W e, c TN el TUTE LY T ST T T - o -w A8 he ooh RSN N\ - \‘ e T ‘

< 34N9l4 9 3JY¥narid
JWIL 'NYNG34dd SA JWIL INIWHSINONILX3 3NIL NYNE3Y¥d SA 3AWIL INIWHSINONILX3
K S3LNNIW — 3WIL NYN83Yd S3LNNIN - 3WIL NYN83Md
2tn o 6 8 2 9 6§ ¥ €& 2 1 0O 2 n-0 6 8 L 9 G b € 2 1 O
o o
A [T
o’ - \\ -. 4 B v -~ Y
7 1 /
g Ak T A 11°
P /1.
, b = : b =
\ ..‘.N.. _uzaho:mwwum%u_uwww t \ _ ..‘.Nu.
S & . 2 ¢ S
» (NXM TONYNTY ! . 7]
\ = %1-0) IN39H3L30 SN . N =z
\ ° o (4D 6'S) b-09b-13 MOQ \ s =
.- . =
. 4 {d266)b-09b - 13 MOQ ¥ : = 2
: o 2 (NXM TONYNTV %10} . \ g -
g m INIOHILIQ SNTd HILWM @ \w\ =
e | o ¥3lm © 6 !
S ? Z
, 4 oI g . ol 2
(40 6G) b-09b-13 MOQ 3 WJd'9 9 40 ILVH AvHdS S
nom V 1V Q3LVILING INIWHSINONILX3 jpom
(d2SG) OND ~memits . »
- 2l - E - 2l
YILYM ——e~ S b .
€l - el
WD 9€ 40 ILVY AVHdS : . bl w vl
YV LV Q3LVILINI  INIWHSINONILX3
St 4 ﬂ al
9l [ ‘ 9l




T T - ——_

R

e

-—
z

K.
‘

51.

DIFFUSIVE BURNING OF LIQUID FUELS IN OPER TRAYS
By David Burgess, Alexander Strasser, and Jbseph.Grumer

U. S. Department of the Interior, Bufeau of Mines
Explosives Research Laboratory
Pittsburgh, Pennsylvania

INTRODUCTION

An assessment of the hazards of a new liquid fuel requires an estimate of
its liquid burning rate (i.e., linear regression rate of the liquid surface) during
splll fires in open air. The best-known work on this subject is that of Blinov and
Khudiakov (1) who reported on flames of several hydrocarbon blends contained in
shallow trays. Their findings, as reviewed and.interpreted by Hottel (3), suggest
that the burning rate above large pools is determined by the rate of radiative feed-
back of the flame's heat of combustion to the pool of liquid. The important implica-
tion of this rate-controlling process is that burning rate should increase asymptoti-
cally to a maximum value at very large pool diameter; this maximum rate should not be
much greater than with pools of moderate dimension, i.e., 1-2 meter diameter.

Some support was given to the picture advanced by Blinov and Khudiakov and
by Hottel in an earlier paper from this Laboratory (2). The present paper gives
additional corroborative evidence based on data for methanol, liquefied natural gas,
liquid hydrogen, and two amine fuels as well as four typical hydrocarbons. The paper
also describes the effects of fuel temperature and of wind on burning rate, discusses
the special problem of cryogenic fuels, and suggests that burning rate may be
predicted with some confidence from the heats of vaporization and combustion of the
fuel. i

EXPERIMENTAL
Materials

The liquid hydrogen was preconverted parshydrogen, supplied by the con-
tractor.* Unsymmetrical dimethyl hydrazine (UDMH) used was specification grade
"Dimazine” supplied, by the Chlor-Alkali Division of Food Machinery and Chemical
Corporation; and diethylenetriamine (DETA) was obtained as a technical grade product
from the Carbide and Carbon Chemicals Company. Liquefied natural gas (LNG) was pre-

" pared by total condenmsation of the local pipeline product, boiling at -150° C., cf.

methane, b.p. -161.5° C. Reagent grade hexane and xylene, purified absolute
methanol, and technical grade benzéne were used as received from the Fisher Scien-
tific Company and c.p. butane as obtained from the Matheson Company, Inc.

Procedures

Our burning rate tests followed generally the experimental conditions of
Blinov and Khudiakov (1, 3). The noncryogenic fuels were burned in trays of
7-240 cm, diameter and about 8 cm. depth, particular-attention being given to £lush-
filling of the trays at the smallest diameters. fLiquid hydrogen was burned in

*See Acknowledgment.
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stainless steel daars of 7-33 cm. diameter and LNG in insulated trays or within a
diked area which had been precooled with liquid mitrogen. Almost all tests were con-
ducted out-of-doors in winds of less than 1 f.p.s. average velocity.

Radiation from the flames was measured with one or.more Eppley thermopiles
(CaF, windows) spaced around the flames in a horizontal plane and far enough from the
flames for the inverse square law to apply. Two typical records appear in Figure 1.
The radiant power of a flame was calculated on the dssumption that radiation is
emitted with gspherical symmetry from the center of the fuel .tray. The total thermal
power was computed on the assumption that combustion is complete, neglecting soot
formation, with COj, N, and HyO vapor as products.

Burning rates were calculated by assuming that the instantaneous radiation
level is proportional to the burning rate at the same point in time and that the
area under the radiation record is proportional to the total volume of fuel consumed.
Alternative methods were used for specific purposes: (1) The liquid surface level
was monitored with a thermocouple and burning rate computed from the required addi-
tion rate of fuel to maintain the level constant. (2) Measured volumes of water-
insoluble fuels were poured onto water and burmed cmpletely; several depths of fuel,
for example 1, 2, and 5 cm., were burned to comprise each burning rate determination.
(3) Small trays of up to 38 cm. diameter were supported on a balance 3o that fuel
consumption was established intermittently by weight loss. It was found that comnvec-
tion currents were sufficiently different around a small elevated tray that burning

rates were generally higher than those obtained with the tray on a broad flat surface.

RESULTS AND OBSERVATIONS

Burning Rate as a Function of Time

Typical behavior on ignition is for the burming rate to accelerate through‘ '

a short "burning-in" period. 1In the case of benzene, the burming rate was found to
reach its steady value at about the time when bubbles appeared on the liquid surface.
This induction period was observed at all tray diameters and is illustrated im -
Figure 2; methanol, UDMH, and the cryogenic fuels Hy and LNG provided exceptions by
the absence of an induction period. .

Methanol and benzene flames at the same pool diameter (7.5 cm.) and the
same initial vapor pressure (40 mm.Hg) were smuffed out after short intervals of
burning as shown in Table 1; heat required for fuel vaporization, columm 3, was
estimated from the weight loss during burning; heat retained in the liquid, columm 4,
was estimated from the average temperature rise; total heat transfer from flame to
liquid, column 5, is almost time-independent, and by chance circumstance of the tray
diameter, almost equal for the two fuels. The induction period for benzene occurs
during the first two minutes while much of the transferred heat is being stored in
the liquid phase. Burning rate is constant after the "burn-in.”

Burning Rate as Function of Fuel Temperature

Several fuels were burned in small brine-~jacketed trays for an estimate of
the temperature coefficient of burming rate. Results with ethyl ether, absolute
methanol, and 95 percent ethanol are given in Figure 3. The correlating lines con~
form closely to our expectation that burming rate should vary inversely with the
fuel's sensible heat of vaporization.

Burming Rate as Function of Pool Diameter
and Wind Veloclty

Steady burning rates in the near-absence of wind at various diameters of
fuel tray are plotted in Figure 4, The curves represent the empirical expression
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vherein v is the linear burning rate and d the tray diameter. Two points for each
fuel (solid circles) were used to evaluate the constants X and v_, which are listed in
Table 2, Figure 5 presents data specifically for benzene, the points near the curve
resulting from experiments under nearly wind-free conditions. The dashed line repre-
sents the extrapolated burning rate, v, and the points near this line were obtained
by burning benzene in various natural and artificial winds ranging up to 4 meters per
second :

Values of v for the nine fuels studied are given as ordinates inm Figure 6.

The correlating line has the form

net heat of combustion,AH,

. = 0.0076 ( ) cm. nin. (2)

sensible heat of vaporization, AH,

No correction was made for incompleteness of combustion which was particularly
evident in the soot-forming benzene flames.

Radiation and Absorption Measurements

The radiative outputs of some gaseous diffusion flames are compared in
Table 3 with the total heats of combustion involved. It was demonstrated at several
burner diameters that the apparent percentage of heat radiated to the surroundings was
independent of the flow rate of fuel supplied. The effect of wind was always to re-
duce the percentage of heat dissipated radiatively.

Radiative outputs at various diameters of liquid-supported flames are given
in Table 4. The percentage of heat radiated in the largest scale test 1s combined
with burning rate values to give the radiant output per unit area of the liquid sur-
face shown in the final column of Table 2. Hazards arising from this radiation may be
diminished somewhat through absorption of the flame radiations by atmospheric water.
Some representative percentages of absorption at various lengths of optical path by
water vapor, by fuel vapor, and by the liquid fuel are given in Table 5.

Special Behavior of Cryogenic Fuels

Unconverted liquid hydrogen was poured into a deep pyrex dewar (7.0 cm.
diameter X 45 cm. deep), the bottom 15 cm. of which was filled with paraffin at 25° C.
The time-dependent vaporization rate is illustrated in Figure 7. The first 20 seconds
represents the transfer period during which spattering occurred and the vaporization
rate was somewhat uncertain. Thereafter, vaporization geemed to follow a curve given
by

v (linear regression rate) = Kt-1/2 (3)

wherein K has a value consistent with the solution of the one-dimensional, time=-
dependent, heat transfer problem (5), and zero time represents the point at which the
paraffin surface was apparently cooled to liquid hydrogen temperature. Similar re-
sults were obtained on spilling liquid nitrogen onto warm insulating materials within
deep vessels. However, on spillage of the cryogenic liquids N3 and LNG into shallow
insulated trays the time-dependent “tail" corresponding to equation 3 could not be
reproduced; as illustrated in Figure 8 the vaporization rate typically decays to a
nearly time-independent value which is clearly affected by air currents across the
tray.

The result of igniting a cryogenic fuel during the first seconds after
spillage i{s shown in the upper curve (LNG) of Figure 1. Start of spilling is indi-
cated by a pip on the radiation record labeled A. Ignition was accomplished 7 seconds
later and the duration of the radiative flash was no more than 4 seconds. The shape
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of the radiation record during the first 30 seconds was never found to resemble the
vaporization rate curves of Figures 7 and 8. The lower curve of Figure 1 shows the
comparable flash on igniting benzene followed by a typical "burning-in" period of
30-40 seconds encountered with liquid hydrocarbons at room temperature.

The burning rates reported here for liquid hydrogen are less reliable than
for the conventional fuels since evaporative losses become very high when one attempts
to flush-fill a container. The liquid was burned in stainless steel dewars of three
diameters with fuel consumption as shown in Figure 9. Burning rates were obtained
from the initial slopes of the curves in Figure 9 corrected for the heat losses of the
dewars. The dashed line of the figure shows this heat loss to be about equal to the
terminal burning rate as the liquid level approached the bottom of the dewar. Burning
rates in such small diameter vessels, i.e., 7, 15, and 33 cm. diameter, are typilcally
very much affected by such casual crosswinds as occurred during these particular
tests.

Other Observations Relative to Rate Measurements

Figures 10 and 11 illustrate phenomena which were observed in large diameter
flames and which could be simulated by benzene flames above small pyrex dishes. The
underside views of Figure 10 show the distribution of soot through the vapor zone
between flame and liquid surface. The density of soot is increased by increasing the
radial draft with a chimney as in Figure 1l0b. Soot has also been observed under
ethylene flames in open air (4). The shape of the flame in 10b is quite similar to
that of a large flame in quiet air; the burning rate, plotted in Figure 5, is com=
parable to v_,. Figure 10c shows the flame dislocated from the rim of the tray by an
excessive draft. With rectangular trays this tearing of the flame occurred with
winds of about 3~4 m./sec., although the critical velocity was sensitive to the con-
figuration of the apparatus. The burning rate typically decreases at this point of
incipient blowoff, but if premixing of fuel.vapor and air occurs at a point of flame
stabilization then a much hotter flame develops (note the bright zone in Figure 10c)
and burning rates can exceed v_.

In Figure 10 the pyrex dish is set into the bench top so that the rim of
the dish is 1/2-inch above the surrounding flat surface. The flame is then stabil-
ized at the rim. In Figure 11 the rim of the dish is mounted flush with the surround-
ing surface and one observes the "creeping" of the flame as heavy fuel vapors diffuse
outward along the surface against the radial inflow of air. This phenomenon was
noted particularly with butane. flames and brought about the discontinuance of mea-
surements above 76 cm. diameter. Burning rates and radiation levels increased
appreciably (>20 percent) during each period of this flame instability.

It was confirmed that linear burming rates increase at tray diameters below
5-10 cm., such rate values being omitted from Figure 4 to avoid confusion. Flames at
very small diameter are simple laminar diffusion flames and heat transfer to the
liquid is demonstrably an edge effect of no interest im large-scale experiments. For
example, methanol burning in a 7.5 cm. diameter, water-jacketed brass tray was con-
sumed at a rate of 3.8 cc./min.; when a concentric inner tray of 4.4 cm. diameter was
added, this inner tray being left empty, there was no change in the consumption rate
of fuel; when the inner tray bhad a diameter of 5.4 cm., the volumetric rate fell to
3.1 cc./min. Thus, the-"edge" of interest in small methanol flames is an annulus of
slightly greater width than 1 cm.
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DISCUSSION

The Dominance of Radiative Heat Transfer

From their studies of hydrocarbon flames, Blinov and Khudiakov proposed that
burning rates are controlled by heat flux from the hot zone to the liquid surface.
This concept was put into semi-quantitative form by Hottel in his review of the
Russian paper (3).

e, Tgp-Tg. . o 4 -kd
ky +ky(Tp=Tg) . + 0Ty * F(l - e ) . (&)
xd2/4 d 2°F B

(Heat flux = conductive + convective + radiative components)

vwherein Ty {s the flame temperature, Tg the liquid surface temperature, presumably the
boiling point, kj and kj are conductive and convective coefficients, respectively,

d the pool diameter, o the Stefan-Boltzman constant, ¥ a flame shape factor for radia-
tion to the liquid, and k an opacity coefficient. On dividing both sides of equation
4 by the.volumetric heat of vaporization, pAH,, and neglecting conductive and
convective terms, onme obtains

4

oIy

¥ “kd

v = (L-e 7). (5)

Conductive heat transfer becomes negligible at large diameters by virtue of
being an edge effect. If one assumes that the Blinov and Khudiakov burning rates at
small diameter are completely conduction-controlled, them by equation 4 the comtribu-
tion of conduction is less than our experimental uncertainty at all diameters repre-
sented in Pigure 4. It is not so easy to dispose of convective transfer, especially
with the slower-burning flames. We have noted a steep temperature gradient at the .
interface between liquid and vapor phases in both methanol and benzene flames. The
presence of soot particles above the benzene pool as shown in Figure 10 is also sug-
gestive of convection. The strong absorption of flame radiation by methanol vapor;
Table 5, dictates that the flame stand very close to the liquid surface which again
favors convection as the heat transfer mode. On the other hand, we can rule out
convection with the faster-burning butane and hydrogen flames since there was no
sharp rise in temperature as a thermocouple emerged from the liquid phase into the
vapor zone. Assuming for the sake of further discussion that heat transfer in large
trays is exclusively radiative, equation 1 becomes the empirical equivalent of equa-
tion 5. On this basis, the empirical constant x of equation 1 may be identified with
Hottel's opacity coefficient k, and our extrapolated burning rate, v_,, is given by

UTI; - F
Vg, T —————, : (6)

RO,

No precise explanation is offered for the simple correlation of data given
by equation 2 and Figure 6. Qualitatively, the relationship is easy to understand.
The reciprocal of (AH./AH,) is the fraction of the flame's heat that must be fed back
to the 1liquid to maintain a steady rate of vaporization. The smaller this fractionm,
the taller the flame must be to limit the efficiency of heat transfer; but the height
of a diffusion flame, other things being equal, is determined by the rate of fuel
feed, 1.e., the burning rate. The linearity of the curve in Figure 6, and the small
degree of scatter of data, were unexpected.
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Since equation 2 is expected to have some practical significance in predict-
ing the relative hazards of fuels, it is important to list its' limitations. The data
involved only single-component fuels (the LNG used was more than 90 percent methane)
burning in unvitiated air, under unusually calm atmospheric conditions and at ome
atmosphere pressure. We know from experiments with methanol that the effect of
atmospheric humidity must be minor. It is particularly important to note that no
fuel studied was a monoprupellant and that decomposition flames could hardly confom
to the heat tra:nsfer picture described above.

The Effect of Wind on Burning Rate

The effect of minor winds (Figure 5) may be rationalized on the basis of the
three variables Tp, ¥, and k in equation 5. If the. effect of the wind is only to move
the flame around, then Ty and F could reasonably remain unchanged; but as the flame's
hot zonme is ruffled the opacity is visibly increased and the result of Figure 5 could
arise from such an increase of k, the opacity coefficient, that e-¥d becomes negligi-
bly small. The effects of wind and of large pool diameter should therefore be
identical. ’ : '

Some caution is necessary in applying this concept to practical problems.
In the case of an idealized spill in which the liquid surface is flush with the sur-
rounding terrain and there are no velocity gradients in the moving air, one would ex-
pect v, to be the highest attainable burning rate. At higher wind velocities tham .
those of Figure 5 the flame begins to blow off. However if the fuel is contained
behind a bluff body (counsider for example a half-empty fuel tank) one may noc longer
be dealing with a diffusion flame but with a turbulent premixed flame in which Ty is
hundreds of degrees higher than in diffusion flames. We have observed burning rates
equal to twice v, under some such circumstances and know of no upper limit.

Special Problems with Cryogenic Fuels

The data for liquid hydrogen and for liquefied natural gas were made con=
gistent with other data in Figures 4 and 6 by either minimizing or correcting for any
heat flow from the warm surroundings. However, in actual spills with ignitiom occur-
ring at or shortly after spillage, heat conducted from the ground may be the dominant
factor in the fuel's rate of vaporization. For example,.when hydrogen was spilled
onto warm paraffin, Figure 7, about 7 cm. of the liquid depth was vaporized in
chilling the paraffin surface; thereafter, the liquid regression rate still remained
faster for several minutes than the liquid burning rate obtained with iansulated pools
(Figure 9). With typical soils, the thermal diffusivity i{s higher than with paraffin
and a liquid depth of 20 cm. can well be dissipated within the first minute after
spillage (5).

We have no radiation records for the initial flash on spilling a large
depth of liquid hydrogen into an ignition source. The data that we do have pertains
to LNG and Figure 1 is representative. The area under the initial spike is never
comparable to the radiation expected from. fuel vaporizatiom curves. We can only
suppose that a large fraction of the fuel vapor escapes unignfited.

CONCLUSIONS

Due to the dependence of burning rate on radiative heat transfer from flame

to liquid, the burming rate approaches a constant value with increasing pool diameter.
This constant burning rate is proportional to the ratio of the net heat of combustion
to the sensible heat of vaporization. Winds raise the burming rates of unshielded
fires to approach the large diameter value unless the flame is disrupted. The radia-
tive flux to the enviromment i{s about 20-40 percent of the heat of combustion.
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Table 1. --Hzat: transferred to liquid phase dur:g}g
- short periods of burming. :

=

AR, ‘ s
‘Minutes. Grams : : AB! )
burned burned cal. cal. cal.
Methanol, 5°C., initial
1 3.8 1100 250 '1400
2 7.5 2300 500 2800
3 11.3 3400 700 4100
4 15.0 4500 900 5400
5 18.0 5400 1050 ° 6500
Benzene, 9° C., initial
1 4.0 500 750 1300
2 11 1400 1250 2700
3 21 2600 1550 4200
4 31 3800 1700 5500
5 41 5000 1800 6800

-98.

Table 2.~-Summary of computed values bearing oum

radiative hazards of fires.

Thermal output

per unit liquid surface,

K, : Vs
-1 kcal./cm.Zsec.
Fuel cm, cm,/sec, Total Radiated

Hexane 0.019 - 0.73 5.1 2.0
Butane .027 .79 5.1 1.4
Benzene .026 .60 5.1 1.8
Xylene 012 .58 5.0 -
Methanol - .046 .17 .64 .11
UDMH 025 - ) 2.2 .60
HBydrogen (0.07) (1.4) (2.8) (0.7)
LNG ,030 .66 3.2 74

[

e




by ggseoué :d;f‘fusian flames.

Table 3.--Radiation.

100 x Radiative output -
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diameter,
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Table 4.--Radiation by liquid-supported diffusion flames.

Vessel '
dimmeter, 100 x Radiative output
Fuel ‘em. Thermal output
HBydrogen i3 25
Butane 30 20
T 46 21
76 vy
LNG 38 21
76 23
Methanol 2.5 12
5 14
15 17
122 17
Benzene 5 38
46 35
76 35
122 36

Table S.-—Pei:z:'e;:_ligﬁé'of' abgorption of flame radiations
: in cells with CaFZ windows.

Absorbing medium, path length, temperature

Liquid fuel, Fuel vapor, Steam,
0.3 em., 8.9 cm., 8.9 cm.,
Fuel 30* C. 100° C. 165° C.
Methanol 100 27% 13
Hydrogen - 0 33
UDMH ) >98 43 18
Hexane - 71 - - <6
Benzene 62 11 -

#38 percent absorbed over 18.4 cm.
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RADIATION LEVEL, kilowatts

S . _ ~ELAPSED TIME. minutes

Figure 1.--Radiation Records on Burning about Ome Gallom (3640 cc.)
of LNG and of Benzol in 15-inch Diameter Tray.
LNG poured into warm tray at point A.
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Q Ether -28°C.
O Acetone —9°C.
08 i~ A Methanol 5°C. b
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, ] 1 |
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TIME, minutes L
Figure 2.--Burning Rates of Five Liquid Fuels in a 3-inch Pyrex Vessel (3';5¥inc1‘1.-.
for UDMH) . Vapor Pressure 40 mm.Hg at Initial Liquid Temperature.
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LINEAR BURNING RATE, cm. /min.

LINEAR BURNING RATE, cm./ min.

i

O Ether
@ Methanol
X  Ethanol (95%)
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20 0 20 40- 60

TEMPERATURE, °C.

Figure 3.--Effect of Fuel Temperature om Steady

Burning Rates in 7.5 cm. Diameter
Brine-Jacketed Burmer.
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Figure 4.--Dependence of Liquid Burning Rate on Pool Diameter.
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LIQUID REGRESSION RATE, cm. /min.

g

EXPERIMENTAL EVAPORATION RATE, grams N, /min,
n
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|~ Start of liquid transfer to dewar
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15 \ | -
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10 I\
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of violent x,
5 |- boiling | .
Quiet vaporization
0 LIL L I bl IR R NS B | | IS VR R B |
=20 o} 20 40 60 80 100 120 140 - 160
ELAPSED TIME, sec. ¢
Figure 7.--Rate of Vaporization of Liquid Hydrogen from Paraffin in
a 2.8-inch Dewar. Initial liquid depth 6.7 inches.
T T T
- -0.24
-~ 20
Evaporation rate = i70t} gm Ny /min.
1 ~ .16
- ’ or 0.04 t72 in. LNG /min.
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Figure 8.~-Evaporation of Liquid Nitrogen after Spillage into a
Warm l5-inch Diameter Tray.
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Figure 1l.--Creeping Flame on Lipless Dish (below) '

Compared with Noncreeping Flame on
Dish with 1/2-inch Lip.

106.

— . A —a

[N

- i -

s b A Sl




t

S

107.

UNCONTROLLED DIFFUSIVE BURNING OF SOME NEW LIQUID PROPELLANTS.

-  —— .

By Joseph Grumer, Alexander Strasser,
Theodore A. Kubala, and David Burgess

U. S. Department of the Interior, Bureau of Mines
Explosives Research Laboratory
Pittsburgh, Pennsylvania
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INTRODUCTION

ey -

The safe use of new liquid fuel-oxidizer combinations for rockets requires
' evaluation of the hazards that may result from accidental spillage and ignition. Ome
such combination is based on hydrazoid and amine type fuels--consisting essentially
of mixtures of unsymmetrical dimethyl hydrazine (UDMH) and diethylenetriamine (DETA);
the mixtures are designated as MAF-1 and MAF-3; MAF-1 is (by weight) 41 percent UDMH,
} 9 percent CHACN, and 50 percent DETA; MAF-3 is 20 percent UDMH and 80 percent DETA.
Materials of this type present special problems in fire fighting. They are water-
soluble, possibly toxic, and more likely to be chemically reactive with their environ-
ment or fire extinguishing chemicals than common hydrocarbon fuels. Fires of these
new fuels may be less readily extinguished by common extinguishing agents. Deep pools
of blended fuels may boil over during burning, etc. Laboratory scale techniques for
evaluating such hazards and defensive measures are obviously useful. This paper re=-
ports techniques (and results) which were developed and which should be extendable to
other similar fuel-oxidant systems. These techniques were used to measure burning
~ rates of large pools of fuels, radiation from flames, temperature profiles in flames
and liquid beneath, composition of combustion products, and limits, in terms of water
- dilution, of fire points and of hypergolicity.

R——

) : MEASUREMENTS AND DISCUSSION

Burning Rates in Large Pools

Single;Coggpnent Fuels

Judging by the work of Blinov and Khudiakov (1, 5) and our own more exten-
sive work with other single-component fuels (2, 13), the burning rate of a fuel in
shallow trays approaches constancy as the tray diameter increases (Fig. 1). Burning
rates taken with trays about a meter or two in diameter can be extrapolated to yleld
burning rates in very large trays. This extrapolation for single~component fuels
and the basls for it are discussed in references 2 and 13. As explained in these
B discussions, the burning rates of single~component liquid fuels in large pools, v,

) in centimeters per minute, is given by equation 1:

PINEE Al

o8
1 ' v_ = 0.0076 Cm‘;- , o)
b
A, * jT ¢, dt
a

e

where AH.onp, is the "net" heat of combustion and AH,,, 1is the heat of vaporization
at the boiling point, T,. The integrated heat capacity in the denominator determines
the temperature dependence of burning rate, normally about 1/2-percent per degree

S
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Centigrade variation of the initial liquid temperature, T,. The dependence of burn-
ing rates of such fuels on thermochemical properties is shown by Table 1 (2, 13).
values for UDMH and DETA are included in Figure 1 and Table 1.

Blended Fuels

Fires of pools of blended fuels, especially those whose cowponents differ
widely in their volatility, do not burn with a uniform rate. In the beginning, the
burning rate is characteristic of the more volatile component. During the middle
portion of the burning, the less volatile component still must be brought to the boil-
ing point of the blend. Finally as the fractionation proceeds the burning rate be-

_comes characteristic of the higher boiling fraction. The burning rates of a blend are
given by:

nl ABcomb.l + nz ABcomb.z + e

v_ = 0.0076 (2)

T, T

e dt+m, | P dt+ ...
p. it ¥ B2 P
1 2

a Ta

| ABvap.l + 0y AHvap.2 Fooutmy j
: T

where n) and m) refer to mol fractional composition in the vapor and liquid phases, -
respectively. For such blends as gasoline whose specific heats of combustion and of

vaporization of the components are comparable and njas m;, equation Z léads to a
simple mixture rule:

v, = nlvl +. 1:12v2 + see : e '(3)'

On burning an unleaded gasoline in a 122 cm. diameter tray we found a steady burning
rate of 0.54 cm./min. From distillation data furnished by the supplier, the valme’

given by equation 2 should be 0.57-0.60 cm./min. In the absence of distillation data
covering compositions of liquid and vapor, equation 4 may be used for rough estimates
of v, or v for medivm sized trays. The average burning rate of a 2:1 benzene-xylene

blend in a 76 cm. diameter tray was given by equation 4 using experimental values for -

the individual burning rates of benzene and xylene (0.47 cm./min. (exp.) versus 0.48
cm./min (calc.)). Even for blends with components of widely separated boiling points,
equation 3 yields rough estimates, except during the first and last stages of the
fire. Por example, the major components of MAF-1 and MAF-3 differ very widely in
their volatility--UDMH boils at 63° C. and DETA at 207° C. However, for the 76 cm.
tray and the 122 cm. tray predicted values exceed observed averages for the middle

half of the burning time by about 15 percent for MAF-1 and about 50 percent for
MAF-3.

Figures 2 and 3 confirm our analysis that for blends with appreciable con~
centrations of components of widely differing volatility, the initial burning rate is
about that of the most volatile component and the final burning rate, about that of
the least volatile. The radiation records in Figure 3 show that the steady ‘burning

rate for DETA was approached at the end of the burniug of MAF-1 and MAF-3 in a
122 cm. tray.-

Flame Radiation and Abserption

Radiation from flames and absorption of radiation by fuel vapor and liquid
affect the burning rate,. as discussed in references 2 and 13. 1In addition, considera-
tion of absorption of radiation by the liquid phase of the .fuel or by water in the
gaseous or liquid state is pertinent to attenuation of heat radiated to the liquid
fuel or to the surroundings. About 24 and 28 percent of the heat of combustion was
radiated o the surroundings by flames of UDMH, burning on the 76 and 122 cm. diameter
tray, respectively (Table 2). Combination of photographic and radiation data gave
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the magnitudes and variations shown in Table 3 in the specific radiation from such a
flame.* The data in Table 2 can be used to compare the radiant flux from large UDMH
and hexane flames of the same diameter; that is, tatio of linear burming rates X
ratio of liquid densities X ratic of heats of combustion X ratio of percentages
radiated =

7.0 mm,/min. (0.66 gm./cc.) (11.5 kcal./gm. 4zz)~4 '
3.5 wm./min.j \ 0.78 gm./cc. 7.9 kcal./gm.) 26%/)7™

A fourfold reduction in radiation level compared to hydrocarbon flames should be a
significant factor in safety consideratioms.

Furthermore, data in Table 4 and Pigure 4 show that UDMH and MAF flames
resemble flames of methanol more nearly than those of benzene with regard to self-
absorption of radiation from their respective flame, Liquid UDMH and the MAF's are
good self-absorbers since a depth of 0.3 cm. of liquid absorbs about all the
radiation.

An additional factor to be considered is the absorption of flame radiation
by atmospheric water vapor. When a flame is only weakly luminous, its emission spec~
trum may differ from that of a black body, a large proportion of the energy being
emitted within the emission bands of water and carbon dioxide. This energy is sus-
ceptible to absorption by atmospheric water and carbon dioxide, and in the case of
hydrogen fires or methanol fires, atmospheric absorption is a factor to be considered.
In the case of UDMH and MAF fires (Table 4), absorption of radiation by water vapor
roughly follows Lambert's law for the two shortest pathlengths of water vapor but not
for the whole range .up to 37 cm. This means that radiation from UDMH and MAF fires
cannot be blanketed by long distances through moist air,

Temperature Profiles in Flames and Liquid; The Boilover Problem

Temperatures observed underneath a small UDMH diffusion flame and at its
surface are given in Table 5. A flame burning on a 50 mm. diameter petri dish and
standing about 23 em. high was probed with a ceramic coated (NBS ceramic A-~418)
platinum platinum~10 percent rhodium unshielded 10 mil thermocouple. 1t is apparent
that high temperatures (about 600° C.) are obtained in the umburned gas about a
centimeter or so above the liquid (liquid level was about a centimeter below the rim
of the dish). Maximum temperatures at the flame front are about 1100° C. Similar
temperatures have been observed in diffusion flames of hydrocarbons (10, 11, 12),
and of alcohol, benzol, petrol, and kerosene (8). Calculations of adiabatic flame
temperatures for premixed flames are given in Table 6 for comparison with values ob-
served in the diffusion flame. The temperatures observed in the gas phase beneath
the diffusion flame of UDMH are consistent with the radiation measurements showing
self-absorption of flame radiation. The radiation absorption measurements also
showed that the liquid absorbed strongly and so a steep temperature gradient is to
be expected at the liquid surface of burning UDMH. Such steep gradients were ob-
served at the liquid surfaces of fires of UDMH and DETA. Conceivably, such hot
layers at the surface of a burning deep pool of MAF-1 or MAF-3 may cause violent
bumping and splashing of burning fuel. Violent expulsion of fuel (called "boilover")
may occur with oil tank fires, due generally to an immiscible layer of water below
the oil, which is suddenly converted into steam (4, 9).

*Cycling of flame size may be due to partial self-smothering which causes the flame
to lengthen. This lengthening of flame improves the diffusion and entraimment of
air, causing the flame to shorten. Evidence for this explanation of fluctuating
flame size comes from studies of smoke limits of flames in ethylene-air mixtures.
Limit flames only emitted smoke when the flame was in the tallest stage (3).
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Somewhat different circumstances than with oil fires may lead to boilovers
with the MAF's--a mechanism involving instabilities of counvection currents in the
liquid. Consider that at room temperature the density difference between high and
low boiling components is more extreme in UDMH-DETA blends than in most hydrocarbon

blends, and that the viscosities of DETA and of UDMH-DETA blends are quite comparable .

to the viscosities of higher hydrocarbons. A hot, metastable layer may therefore form
at the surface of a deep, burning pool of MAF and suddenly fall to the bottom, boil-
ing out UDMH from cold bottom layers. For this to occur, a considerable mass of
metastable hot liquid must gather at the surface. Otherwise such a layer would not
contain much heat, and as it fell it would only accelerate the heat front downward;
it could not produce a boilover. However, if the gravitational forces dowunward were
almost counterbalanced by the viscous forces holding the layer in place, a large
mass might accumulate at the surface. Secondly, boilover is possible only if the
density of the hot liquid at the top is greater than the density of the initial.
liquid. Thirdly, the likelihood of boilover increases if the viscosity of the hot
liquid is equal to or greater than that of the {nitial liquid. If the hot layer
falls and the viscosity of the hot liquid is less than the viscosity of the imitial
liquid, viscous shear will tend to disperse the hot liquid and prevent the sudden
transport of much heat to the bottom layer. The data in Table 7(A) indicate that
there is no danger of boilover due to accumulatiom of boiling DETA at the surface.
Table 7(B) indicates that boilover is potentially possible as long as the surface
layers atop cold MAF-1 are colder than about 120° C., and those atop cold MAF-3 are
colder than about 60° C. 1In Table 7(C), a comparison is based on 60° C., the ap-

. proximate temperature at which MAF-1 and MAF-3 start to distil. Hot surface layers
of DETA up to about 160° C. appear to be metastable cowpared to MAF-1 at 60°, and
correspondingly up to about 100° C., for MAF-3. The temperature difference for
MAF-1 (158-60°) is about two and one-half times that for MAF-3, about the same as
for the comparison in Table 7(B). It appears, therefore, that if metastable layers
form atop either MAF-1 or MAF-3, the heating potential in the MAF-1 case is wmore
.than double that in the MAF-3 instance. On.the basis of these analyses, a boilover
with MAF-3 is far less likely than with MAF-1l.

Experiments were performed with MAF-1 and MAF-3 in which 38 kg. of MAF-1
and 47 kg. of MAF-3 were burned in an instrumented drum measuring 30 cm. in depth
and 47 cm. inside diameter. Temperature profiles as a function of time are given ia
FPigures 5 and 6. The history of selected isotherms i3 givenm in Figures 7 and 8. The
temperature profiles were observed by means of thermocouples in the liquid (at about
0.6 radius from the wall). Temperature-sensitive paints on the sides of the con-
tainer were also used. In gemeral, thermocouples and paint showed about the same
rate of heat travel. Figures 5 and 6 show that a temperature iaversion at the
bottom of the tank occurred with MAF-1 but not with MAF-3. Figure 7 shows that the
heat front moving downward through MAF-1 accelerated during burning from about 0.2 -
cm./min. to about 0,8 cm./min. Figure 8 shows that the heat front moved steadily
downward in MAF-3 at about 0.l14 cm./min. The acceleration of the travel of heat
front through MAF-1 started after about an hour of burning. After 1-1/2 hours of
burning, the temperature paints showed that the bottom of the contaimer was at
least at 65° C. About the time this heat front reached the bottom of the tank, a
vigorous foaming suddenly started and continued for approximately 10 minutes. No
appreciable head of foam was apparent, nor was there any bumping of the liquid.
Thereafter, as it did before, the liquid bubbled smoothly and quietly over its en-_
-tire surface until burnout. As soon as the foaming stopped, a sample of fluid was
withdrawn through a tap 5 cm. from the bottom and about 10 cm. from the top of the
liquid. The specific gravity of this sample was 0.94 at 27° C., about equal to
that of DETA. Therefore, following the foaming all of the UDMH was gone from the
MAF-1. Temperatures were fairly uniform throughout the liquid, and were about 165°
to 175° C. About 5 minutes before the foaming started, temperatures were above
140° C., except for the bottom 8 cm. of liquid which was around 65-70°C. Within
these 5 minutes, temperatures in the bottom 8 cm. rose above 140°, These tempera-
tures are in fairly good agreement with temperatures listed in Table 7 for MAF-1.
MAP-3 burmed smoothly. The only novel observation was the appearance after a
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couple of hours of burning of very fragile brown clots. Although the observed foaming
did not raise or throw liquid, its occurrence, the data in Figures 5 and 7, and Table 7
all indicate that boilovers or perhaps only foaming are possible with MAF-l. The
weight of experimental and theoretical evidence indicates that boilovers are unlikely
with MAF-3,

Composition of Combustion Products

As shown in Tables 8 and 9, samples drawn from UDMH diffusion and premixed
flames contain hydrogen cyanide, methyl cyanide, and carbon monoxide. A few centi-
meters past the flame surface of diffusion flames, these toxic gases are absent. DETA
produced as much as 1.5 percent of hydrogen cyanide on combustion. Therefore, fumes
from incompletely burned UDMH, DETA, and the MAF fuels may be unusually toxic. Ob-
served flame temperatures in Table 9 are in good agreement with calculated
temperatures in Table 6.

Fire Points of Aqueous Solutions

Water 1s the least expensive and generally most readily available extinguish-
ing agent for fires of MAF fuels. Foam has to be specially prepared and is rapidly
disintegrated. Other extinguishing reagents are expensive or soluble or reactive. To
evaluate water requirements for fighting fires of the MAF's, measurements were made of
the water dilution necessary to render nonflammable aqueous solutions of UDMH, MAF-1,
and MAF-3. About two volumes of water per volume of fuel suffice for this purpose.
(Por very deep pools, less water will be required if only the upper portion of the
tank's contents has to become nonflammable.) The data are given in Table 10 along
with dilutions needed for some alcohols and acetone. The ratios in the last column
of Table 10 of heat of vaporization to heat of combustion indicate that the water re-
quirements can be simply estimated, without recourse to measurement. At worst, the
estimate provided a fivefold safety factor .and for three of the seven tests provided
good agreement with experiment, The estimate 1s based on the assumption that an
aqueous solution of a fuel will not burn when the heat of combustion of the solution
equals the heat of vaporization at the boiling point of the liquid, that all of the

heat of combustion is transferred to the liquid and the compositions of vapor and

liquid phases are identical., Errors due to the last two assumptions tend to neutral-
ize each other with regard to the prediction of water concentration at the fire point.
It is obviously difficult to compute the heat transfer from flame to liquid. It is
also questionable whether vapor phase composition can be computed accurately enough
using the liquid composition. Figure 9 shows that equilibrium between compositions
of the liquid and the vapor burning above it may not be assumed near the fire point.
Equilibrium curves were taken from the literature (6). Experimental points were ob-
tained by adding an arbitrary mixture of methanol-water, e.g., l:1 on a molar basis,
to a burning methanol pool. The rate of addition was such as to maintain a constant
weight of liquid. Eventually the composition of the liquid, as determined by spe-
cific gravity measurements, became comstant. (There were no significant concentra-

-tion gradients in the body of the liquid.) At this stage the composition of the

mixture being distilled by the flame was identical to that of the mixture being added.

Hypergolicity of Aqueous Solutions

Since the MAF fuels would typically be used with such oxidants as inhibited
red fuming nitric acid (IRFNA) there are special problems of preventing hypergolic
ignition on simultaneous spillage of fuel and oxidant. It was observed that when the
vapors above UDMH and above RFNA were permitted to interdiffuse inm a particular
closed apparatus at 28°% C., there was no ignition. On raising the temperature to
38° c., ignition occurred. Vapors above either MAF-1 or MAF-J] ignited spontaneously
with vapors from RFNA at 45° C, but not at 38° C. Impinging jets of the vapors at
60-100° C. in open air led to ignition despite precautions to eliminate liquid spray.
Thus there is a need for newly obtained data on flammability limits and spontaneous
ignition temperatures with air and inert gases as ignition-preventing diluents (7).



With regard to liquid phase interactions it was observed in preliminaryllz.

spot-plate tests that ignition could be prevented by pre-diluting either the RFNA or
the fuel (UDMH, MAF-1, or MAF-3) with 40 volume percent water and that DETA-RFNA
were not hypergolic. These results were duplicated with 100 cc. quantities of pro=
pellant in dewars. To estimate the required water dilution for nonignition in large
systems with no heat loss, the following conventional concept of hypergolicity was
invoked:’ : i

(a) There are fast neutralization reactions, indépendent of the degree
of dilution, yielding about 10-20 percent.of the overall heat of combustion;

(b) The temperature of the system is thus ratsed sufficiently to permit
slower reactions, such as oxidation or nitration, to lead on to ignition.

Accepting the neutralization step to be inevitable, one must dilute sufficieatly with
water so that the system never exceeds a critical temperature for initiation of
second-stage reactions, Figure 10 shows the temperature rises obtained on adding

water-diluted RFNA (50-50) incrementally to 200 cc. of water-diluted UDMH in a dewar, -

the diluted reactants having been precooled in each case to 25° C. . Curves A, B, C,
and D refer to 10, 20, 40, and 100 percent initial concentrations of UDMH and the
dashed lines depict temperature rises from a hypothetical neutralization yielding

12 kcal./mole. In curves A and B the initial points are below predicted temperatures
and heat evolution has virtually ceased when acid and UDMH are equimolar. However,
in curve C, involving 50 percent acid and 40 percent UDMH, there is evidence of some
additional reaction at the start and of heat evolution extending beyond the equimolar
point. At about this dilution of reactants, and depending critically upon apparatus
parameters, ignition was found to occur in the gas phase.

As best one can judge from the figure, the highest reaction temperature for
safety in any conceivable enviromment would be about 50° C. Prom this, if the react-
ants are initially at 25° C., the minimum dilution should be about 8 grams of water
per gram of UDMH-RFNA propellant. There is evidence that less water would be needed
with the MAF fuels. For example, 100 cc. of (60-40) water-(MAF-1 or MAF-3) were
mixed with 100 cc. (60-40) water~RFNA with a heat release that was judged to be
l5kal./mole; 100 cc. of (50-50) water-MAF-3 were added to 100 cc. of RFNA, giving a
heat release of 18 kcal./mole. In each case there was no. ignition or evidence of
delayed reaction.

CONCLUSIONS

The MAF fuels are similar in their gross burning characteristics to more
conventional fuels. The hazards due to accidental fires of these materials appear to
be manageable. As with hydrocarbons, radiative heat transfer is the dominant factor
in the burning of large diameter pools. Burning rates are expressible as functions
of the rates of the component fuels and are of the order of those of conventional
fuels. Temperature profiles indicate that boilover during fires of deep pools is un=-
likely. About two volumes of water per volume of fuel results in a nonflammable
solution. The products of incomplete combustion of the amines contain cyanides, a
factor to be considered in fire fighting. Hypergolicity between the MAF fuels and
red fuming nitric acid can be prevented by adding about two volumes water before

mixing. The concepts used in this study should be applicable to other fuel~oxidant
systems.
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AHC (net) - “AH, (séns.)

Table 1.--Relation of liquid burning rates to
thermochemical properties of fuels. .

AH v,
: 0.0076 —= =

Fuel kcal./mol. _ AH, ct./min,
Hydrogen 58.2 0.22 - , 2.02 © 1.6
Butane 623 T 5:95 ' .81 : .79
Hexane. 916 9.77 .72 .73
Benzene 751 : 9.20 .63 .60
Xyleune - 1038 14.72 - L .55 .58
UDME 432 - 9.53 .35 ".38
DETA 735 . 26.1 .22 .20
MeOH 150 - 9,18 o .13 S ¥

Table 2.--Radiation by diffusion flames of liquid fuels.

Burner

diameter, 100 x Radliative output
Fuel cm. o Thermal- output
DETA 76 35
DETA 122 .- 28
MAF-1 76 ‘ 26
MAF-3 76 42

Table 3.--Specific flame radiation from diffusion

-
£

flame of UDMH. Pool diameter 76 cm.

Specific flame
radiation,*

minutes ) watts/ t:m.i
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Radiation output

2 X vertical cross section of flame
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Table 4,--Transmission of flame radiation.

Transmission, ,percerit

Through i

Flame of Cell length, water vapor Fuel vapor

fuel cm., at _165° C. at 100° C. Fuel liquid
UDMH © 0.3 1
MAF-1 - _ 1
MAF-3 - 0.3
UDMH 8.9 82 57 .
MAF-1 89 61%
MAF-3 81 65%
DETA -—- -
Methanol 87 73
UDMH 18.4 72 49
MAF-1 72
MAF-3 76
DETA 77
UDMH 37 70
MAF-1 69
MAF-3 . 70
DETA 69

*Predominant vapor was UDMH.

Table 5.--Temperatures in a diffusion flame of
unsymmetrical dimethyl hydrazipe in air.

Tray diameter 50 mm., flame height about 230 wm.

Height - ‘Distance from axis, mm.
above 0 5- 10 15 20 : 25
dish,
mm. Temperatures, ° C.
0. . 600 600 600 650 730 " 1080%
5 600 620 640 700 1120+ 480
10 660 700 750 1120%* 1040
15 . . 820 840 930 1120% 810
25 770 670 680 1000*- 950
50 1040 1080* 1050 1060

*Approximate position of flame edge.
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Table 6.--Adiabatic flame temperatures of diethylenetriamine and
air mixtures and of unsymmetrical dimethyl hydrazine
and air mixtures at one atmosphere initial pressure.*

DETA, ** - UDMH, ** Flame temperature, °K.
percent percent {(Calc.)

3.0 2387
4.0 2288
5.0 2058
6.0 1766
7.0 1482
8.0 1276
9.0 i 1220
11.5 1314
17.5 1177
31.6 974

#*Calculations by E. B. Cook of this Laboratory.
%*Initial temperatures of gaseous mixture:
DETA = 423° K., UDMH = 330° K.

Table 7.--(A) Comparison of densities and viscosities of MAF-1l and MAF-3

at 25° C. with those of DETA at its boiling point.
(B) Comparison of temperatures of DETA at which its density ot

vigcosity equals those of MAF-1 or MAF-3 at 25° C.

(C) Comparison of temperatures of DETA at which its density or.

viscosity equals those of MAF-1 or MAF-3 at 60° C.

A B C
" Demsity, Viscosity, Temperatures, ° C. Temperatures, ° C.
2, M» . . :
Fuel g-m./cu:.3 " centipoise o n 0 -
MAF-1* 0.869 1.22 120 80~ 158 138
MAF- 3%k 916 : 3.5 60 40 ’ 98 > 100
DETA** .785 43 B

*Correspondence: Reaction Motors Division, Denville, New Jersey.
**Ethylene Amines, Dow Chemical Company, Midland, Michigan, 1959.
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Table 8.--Mass spectrometric analyses of combustion products
of UDMH diffusion flames.

~~—

Diffusion flames over tray

- 5.1 X 25.4 X 1.4 cm, 76 cm.
) Sampling point, .
AN cm, above flames 0 0 - 0 5 0 5
S Analysis, percent:
! Carbon dioxide 4.3 2.9 4.0 3.2 0.3
% Carbon monoxide 3.1 2.3 3.2 1.6 0
1 Methane 4.0 1.3 2.4
. Formaldehyde or ethane* .3 .1 1 l.6%% 0
,\‘ Ethylene 1.8 1.2 1.2
2 Acetylene 3 .1 .3
: Methyl cyanide .2 .1 .1 0 0
y Hydrogen cyanidex*k 1.5 1.1 1.8 0 .7 0
' Water 1.6 1.2 1.0

Hydrogen 3.6 1.8 3.0 1.4 0
| Nitrogen + argon 75.6 77.2 76.3  Air 80.5 Air
h Oxygen 3.7 10.7 6.6 11.0

*Probably ethane, since Schiff's test for aldehydes was negative.
**Total of methane, ethane, ethylene, and acetylene.
*#*kPresence or absence confirmed by Prussian blue test for cyanides.

- -

2

Table 9.--Mass spectrometric analyses of combustion products
along axis of UDMH-air flat flames.*

b UDMH, percent
’ 11.5 17.5 17.5 17.5 31.6
' }
C : Distance above
1y blue flame, mm. : 4 1 2 4 4
S Observed flame :
' temperature, °® K. > 1340 1240 1250 1270 1030
}i Analysis, percent: ,
;\‘ Ethylene 2.2 3.4 3.4 3.4 - 5.5
) Rydrogen cyanide 4.4 6.2 4.5 5.6 7.2
I Ammonia .7 1.6 1.5 . 1.3 4.0
Yy Carbon dioxide 1.8 .2 .5 .7 .1
4 Oxygen .2 2.0 1.6 7 1.3
k Nitrogen 63.8 53.2 56.6 55.2 46,2
’ Methane 1.1 6.3 3.8 3.4 11.6
[ Carbon monoxide 13.0 11.5 12.6 14.0 8.4
» Hydrogen - - 11.6 14.9 14.8 14.3 14.6

Argon .8 .7 .. .7 .6

*Data obtained by J. M. Singer of this Laboratory.




Table 10.--Fire points of fuel-water solutiouns.

Volume ) -
Temperature, percent Heat of vaporization
Fuel ° C. fuel Heat of combustion

Tray 15X 76 X 1.6 cm. deep

Methyl alcohol
Acetone

Isopropyl alcchol
Tertiary butyl alcohol

UDME

Burnout*

MAF-1

MAF-3

25
56

25
60

25
66

34

60

63

42
20

15
10

0.60

92

1.09

1.01

.22

. 393k

. 52%%

Tray 5.1 X 25.4 X 104 cm. deep

Methyl alcohol
Acetone
Isopropyl alcohol

25
25
25

%A gsufficiently concentrated solution was ignited and permitted to

Residual fuel concentration was
determined by measurement of specific gravity.

-¥*Assumed DETA {n aqueous solution did not vaporize or burm.

burn to self-extinction.
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Figure l.--Variation of Liquid Burning Rate with Tray Diameter.
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Figure 5.--Temperature Profiles near Liquid Surface of MAF-1,
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Figure 6.--Temperature Profiles near Liquid Surface of MAF-3
Burning in 47 cm, i.d. Vessel.
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EXTINGUISHMENT STUDIES OF HYDRAZINE AND
UNSYMMETRICAL-DIMETHYLHYDRAZINE FIRES™

Wilburt Haggerty, Michael Markels, Jr., and Raymond Friedman

Atlantic Research Corporation, Alexandria, Virginia

I. INTRODUCTION

The employment of new high-performance liquid propellants has resulted in aew
problems of fire protection for personnel and facilities in the vicinity in which
these chemicals are stored, handled, or used. By their very nature these pro-
pellants are reactive. Toxicity of the fuels or their combustion products may
exist. Many of the fuel and oxidizer combinations are hypergolic, requiring no
outside ignition source to start a fire. In other cases, these materials may bura
as- monopropellants without an outside oxidizer, making a particularly difficult
extinguishment problem. The materials under discussion may be used in a wide
variety of situations or geometries. This produces a wide variety of possible fire
and explosion events. Yet, if these propellants are to be used, some form of fire
pret:ction must be provided.

This investigation was undertaken to determine the materials and techniques
necessary for the extinguishment and control of fires involving two of these new
propellants, hydrazine and unsymmetrical-dimethylhydrazine. Some properties of
these fuels are shown:

Flammahility

Boiling Flash Point Fire Limits in Air

: Point Density (closed cup) Point Lower Upper

Fuel Formula (6d ) (gms/cc) (°F) (°F) (vol per cent)
Hydrazine NH, 236 1.008 104 126 4.7 100
UDMH (CH3)2N2H2 146 0.786 34 (7)) 5 2.5 95

The program also included studies of the 50-50 mixture of these fuels, the fuel
JP-X (a solution of UDMH in JP-4, a petroleum fuel), and fires involving all these
fuels in contact with nitrogen tetroxide in either liquid or vapor form. This
paper is limited to a summary of data for the hydrazine or UDMH and air combinations.
Further details including results from the other combinations, are available from
the progress reports (l).

While the primary objective of the investigation was to determine the require-
mentg for fire protection systems capable of coping with fires involving these
propellants, an important by-product was the development of basic knowledge in the
use of small models for fire-extinguishment research. Since the application of the
results of this investigation to fire-extinguishment practice depends, in part,

* ) . .
This work was sponsored by the Flight Accessories Laboratory, Aeronautical Systems
Divisfon, Air Force Systems Command, under Contract 33(616)-6918.
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upon being able to extrapolate laboratory results to very large fires, the appropriate
scaling factors must be well known. This involves determination of the mechanisms

by which various agents extinguish fires and the effects of agent-application para-
meters, fire geometries, and fire size on the extinguishing capabilities of the
various agents.

The experimental approach involved three fire sizes. The amallest test, 6.54-8sq
in, were conducted in a laboratory hood; providing an extensive amount of data to
screen candidate agents, determine the mechanisms of extinguishment, and the optimum
methods and rates of application. The burner shown in Figure 1, was a square
stainless-steel pan which could be heated to maintain the fuel at a temperature above
its fire point. A 3/4-inch freeboard on the sides of the pan reduced splashing and
fuel spillage. Any propellant spillage or excess extinguishing agent was caught in
the stainless steel tray on the sides of the pan. This tray also served to reduce
the updraft caused by the fire and to prevent these updrafts from cooling the sides
of the burmner.

To evaluate an extinguishing agent, 0.6 to 2.4 cubic inches of fuel (corres-
ponding to about 0.1 to 0.4 inches depth) were placed in the burmer, allowed to
reach the desired temperature, and ignited by means of a hot wire. After a selected
preburn time, usually 10 seconds, the agent was directed onto the fire. The length
of time required far extinguishment, the amount of agent required, and the amount of
propellant remaining unburned were determined as a function of agent, rate of appli-
cation, application technique, and propellant.

The larger pans, 49-and 324-sq in, were identical in geometry to the smallest
pans and were used to determine the scaling factors necessary for extrapolatiom of
the results to still larger fires. They were located in the outdoor facility showm
in Figure 2., After the photograph was taken, an eight-foot-high windbreak was built
around the facility to minimize the effects:of variable winds.

In spite of all precautions, a substantial variability in the results of con-
secutive tests was found. This seems to be characteristic of pan fire extinguishment
tests. Hence a large number of tests were made, and averages of a serfes of
identical tests were used to compute each datum point plotted on the curves which
follow., A total of 994 test fires were burned to obtain- the results discussed herein.

II. EXPERIMENTAL RESULIS

A, BURNING RATES OF HYDRAZINE AND UDMH

Burning rates of hydrazine and UDMH were found from burning time vs. fuel depth
curves for a series of square pans:

Fuel Pan Area (sq in) 6.54 49 .324
Hydrazine 0.74 in/min 10.47 in/min | 1.4l in/min
UDMH 0.088 in/min [0.046 in/min | 0.195 in/min

Hydrazine is seen to burn an order of magnitude faster than UDMH. This {s ascribed
to the ability of hydrazine to burn like a monopropellant; a decomposition flame
not requiring oxygen exists close to the liquid surface. The hydrogen produced by
this flame then burns with air as a diffusion flame. Addition of water to the
hydrazine reduces its burning rate substantially.

The slower-burning UDMH has a burning rate of the same magnitude as ethanol or
gasoline, so a decomposition flame is evidently not present.




Fog
Nozzle

Reservoir

e el

o -

Tray for

1Spillage F‘&
Burner :

Pan . J\r_’:;,,‘;:_,

‘ Figure 1. Burner Apparatus with Spray Nozzle.
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The variation with pan size for both fuels is explicable on a heat-transfer
basis (2,3) and will not be discussed here.

B. EXTINGUISHMENT OF HYDRAZINE FIRES

1. Water Spravs

The mechanism by which water sprays extinguish hydrazine fires appears to be
dilytion of the hydrazine to a concentration which will not support combustion. As
shown in Figure 3, when water was applied to 6. 5-, 49=, and 324-sq in gdrazine fires
at rates of 0.01 to 0.33 gal water/sec gal of fuel (0 2 to 1.2 gpm/£ft¢), the
hydrazine concentration after extinguishment indicated a dilution to 40-70 weight
per cent. The residue remaining after extinguishment of the larger fires was more
dilute than those from the smaller fires. In the larger fires, more heat was
radiated to the liquid and therefore the liquid temperature was higher. This meant
that more dilute solutions supported combustion. The concentration of hydrazine in
the residue remaining after extinguishment was found to decrease as the depth of
the fuel was decreased. Decreasing depth is indicated by increasing normalized
water spray rate in Figure 3. Since water and hydrazine have approximately the same
densities concentration gradients are easily established. Mixing depends mostly
on the force with which the water spray impinges on the surface and the depth of
the pool. Both effects are responsible for the decrease in the concentration of
hydrazine in the residue as the normalized spray rate was increased as shown in
Figure 3.

Since the mechanism of extinguishment is primarily one of dilution, in an
idealized case the time that spray must be applied to cause extinguishment should
be directly proportional to the amount of fuel present and inversely proportional
to the rate of application of spray. However, the simplicity of the dilution
mechanism is complicated by the following factors:

1) As the fire progresses, some of the fuel is consumed, leaving
only the remainder to be diluted.

2) Some of the water which does reach the burning liquid is later
vaporized.

3) Some of the water is vaporized in the flame and never reaches
the burning liquid.

4) Mixing rate of the water and fuel is not instantaneous.

Because of the above factors, the length of time that spray must be applied is
not simply proportional to the volume of fuel or the inverse spray rate. However,
as shown in Pigure 4, the data may be correlated by plotting the logarithm of the
extinguishment time versus the logarithm of a normalized rate of application of
spray (gal water/sec gal of fuel). In view of the above complicating factors, the
fact that even an empirical correlation can be obtained is indeed fortuitous. The
slopes and intercepts of the curves would be expected to be complex functions of
the properties of the fuel, pan size, and agent. The main conclusion from the curves
1s that larger fires require a longer application of spray before extinguishment
occurs, for the same normalized spray rate, but that the increased time is slight
when compared to the increased fire size.

The percentage of original fuel remaining after extinguishment, an expreseion
of the efficiency, is presented in Figure 5 as a function of the rate of application
of water. As can be seen, faster rates of application are more efficient on this
basis than slower ones, and deeper pools of fuel are more efficiently extinguished

t han shallow ones.
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Because dilution is the mechanism by which water sprays extinguish hydrazine
fires, the major scaling factor for extinguishment is a function of the amount of
fuel present and is not a function of diameter, per se. However, spray rate, liquid
depth, and fire diameter do influence scale-up slightly. Since dilution to 50
weight per cent concentration appears to be adequate, the amount of water required
for extinguishment would be about one gallon per gallon of fuel. Aay consumption of
fuel or vertical concentration gradients would reduce the amount required. Con-
versely, any vaporization of water in the flame would increase the amount of water
required.

The weight average particle size, ﬁw, of the spray used on each fire size
was:

Pan Size Dw )
sq in microns
6.5 160 .
49 245

324 290

2. Fog

Measurements with the 6.5-8q in burner indicated that water fog was less effec~
tive than coarse water sprays against hydrazine fires. Since the concentrations
remaining after extinguishment were comparable, the lower efficiency was probably due
to increased vaporization of the fine droplets in the flame. Fog was less effective
against 49-sq in fires than against 6.5-sq in fires, again because of vaporization in
the flame, preventing liquid dilution. The fact that as much as 1.5 gallons of water
per gallon of fuel originally present were required for extinguishment, in comparison
to 1.0 gal/gal for spray, indicates the magnitude of the vaporization, especially
since most of the fuel originally present was consumed in the fire.

Fog is not a good extinguishing agent for hydrazine fires and would probably
fail to extinguish very large fires.

3., Foam

The mechanism by which foam* extinguishes hydrazine fires appears to be dilution
of the surface of the burning liquid below the concentration which supports combustion.
Since the hydrazine causes the foam to break down rapidly, a surface layer of water
is built up over the fuel. The foam on top of the water film is stable until it con-~
tacts fresh hydrazine further out on the burning pool. When the foam blankets the
entire surface, the fire is extinguished. :

As shown in Figure 6, the amount of foam required for extinguishment is'a function
of application rate, depth of liquid fuel, and size of the fire. Faster rates of
application require less foam because the foam has less time to break down and is
therefore able to blanket the fire more quickly. Figure 7 shows that times required
to extinguish the 49-sq in fires were about 10 seconds longer with 0.2 gpm/£t2 appli-~
cation than with 0.32 gpm/ftz. The slower rate of travel across the hydrazine:
surface at the lower application rate permits more breakdown of the foam, and there-
fore more foam is required.

The decrease in the amount of foam required per gallon of fuel for deeper pools
. of hydrazine confirms the mechanism of surface dilution. Although the concentrations
of hydrazine remaining after extinguishment shown in Figure 8 are decreased by the

*
A 67 alcohol-type foam was used at a 10 to 1 expansion ratio.
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collapse of the foam blanket remaining after extinguishment, the fact that the final
hydrazine concentration may be as high as 86 weight per cent shows that the concen-
tration gradients are very steep. ‘

PR AR

The mechanism of surface dilution suggests that scaling factors are strongly
dependent on surface area of the fire as well as liquid depth and stability of the :
foam. Any agitation of the fuel would disturb the concentration gradients and render 4
the foam less effective. The foam should be distributed evenly over the surface and
applied at as fast a rate as possible. Although foam is a more efficient exting-
uishing agent than water spray, the ease of application of water sprays and the
required dilution below the fire point, which eliminates the reignition hazard, make . 1
water sprays more attractive than foam. K

4. Dry Chemical ¢
A modified sodium bicarbonate powder of 50 micron average particle size was very /

effective in extinguishing fires involving hydrazine and air. As seen f{n Pigure 9,
when as little as 0.016 lbs[sec/ft2 was applied, the fires were extinguished in less
than four seconds. The depth of burning liquid had no observable effect, but com=- ‘
plete coverage of the burning surface was required before extinguishment occurred.

This requirement i{s probably the cause of the apparently anomalous results {n which

more time was required for extinguishment at the faster rate. These results are

similar to those obtained in the 6.5- and 324-sq in burners, in which 0,016 lbs/sec/ft2
extinguished the fires in less than three seconds. After extinguishment the fires

could be reignited by the hot wire fgniter. In practice, therefore, some other agent

such as water might have to be applied in addition to the dry chemical to preveant ;
reignition after extinguishment had been achieved. A

A solution of 8 per cent by weight sodium bicarbonate in water applied as a
water spray at a rate of 0.6 gpm/ft2 showed no improvement over water as an extin- !
guishing agent i{n the 6.5-sq Ln burner. This is conasistent with other work which ’
has shown that extinguishment by dry chemical involves reactions in the flame.

A potassium bicarbonate powder of 25 micron diameter was as effective as the sodium
bicarbonate. However, an ABC Type powder was ineffective against the hydrazine fires.

Scale-up in dry chemical extinguishment {s a function of fire area. Good results
with this agent are dependent on the abillity of the extinguishing system to completely
blanket the fire and thereby prevent flashover from reigniting the extinguished areas,
Dry chemicals are attractive fn that they can extinguish the fires in a comparatively {
short time with the minimum weight of agent.

5. Chlorobromomethane e

Chlorobromomethane (CB) was sprayed on hydrazine fires at a rate of 0.1l gpm/ftz
through the nozzles also used for water spray. The CB reacted with the hydrazine,
increasing the intensity of the fire and producing dense white fumes. The fires com-
tinued to burm until the hydrazine was consumed. CB is ineffective as an extin-
guishing agent for hydrazine fires under these conditions.

6. Investigation of Other Agents

Several screening tests were made to determine if chemicals other than sodium
bicarbonate could inhibit the combustion of hydrazine-type fuels. Since aniline 1is
capable of trapping the NHp* radical believed to be involved in the combustion LS
process, this chemical was the first to be investigated. When 2 weight per cent
aniline was added to hydrazine, the burning rate of the hydrazine was reduced by
only 10 per cent. Since the alkali metal bicarbonates in powder form were so
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effective against hydrazine fires, other methods of applying alkalil metal salts were
investigated. A solution containing 8 per cent by weight sodium bicarbonate showed
no improvement over a plain water spray. Since potassium iodide 1s very soluble inm
hydrazine, a solution containing 20 grams of potassium ilodide per 100 grams of hydra-
zine was burned. The combustion was slowed down considerably by the formation of a
molten slag over the burning liquid, but all of the hydrazine was consumed. Addition
of 10 weight per cent boric acid, (a constituent in some ABC powders) had a similar
effect. It was thought that an inert liquid might blanket the surface of buraing
hydrazine and prevent combustion. However, a silicone oil added to burning hydrazine
formed a film on the surface, but did not extinguish the flame.

C. EXTINGULSHMENT OF UDMH FIRES
1. Water Sprays

As was the case with hydrazine fires, the length of time that water sprays must
be applied before extinguishment of UDMH fires occurs is a function of the amount of
fuel present and the rate of application of the spray. This indicates that the
mechanism of extinguishment of UDMH fires is also one of dilution of the burning
liquid to a concentration which will not support combustion. The UDMH fires required
a longer application of spray than did the hydrazine fires because more dilute solu-
tions of UDMH will gupport combustion and the UDME burns at a slower rate, thus con-
suming fuel more slowly. Figure 10 shows that the fires in the 6.5~-, 49- and 324-sq
in burners were extinguished when the UDMH concentration was reduced to approximately
30 weight per cent. This final concentration was the same for all spray rates, pan
diameters, and liquid depths. Since water is more dense than UDMH, it is believed
that good mixing occurred as the water settled through the UDMH.

As was the case with the hydrazine fires, the larger fires required a longer
application of spray before they were extinguished, cf. PFigure ll. Since the concen-
trations of UDMH remaining in the residue after extinguishment were’ comparable
regardless of fire size, increased vaporization of the water droplets in the larger

flames would appear to be the cause of the increased amount of water required for
extinguishment.

‘The percentage of UDMH remaining after extinguishment as a function of spray rate
is presented in Pigure 12. As can be seen, faster spray rates are more effective for
extinguishing UDMH fires than slower rates. There is little or no change in the per-
centage of fuzl remaining after extinguishment as the depth of UDMH is increased.

This indicates that a basic difference in extinguishment behavior arises from the more
complete and rapid mixing of water with UDMH than with hydrazine.

2, FRog

Fog extinguished UDMH fires by the same mechanism as water sprays, i.e., dilution.
Fog applied ar a rate of 0.2 gpm/ft2 against the 49-sq in fires required 2.13 gal/gal
of UDMH as compared to 1.46 gal/gal of UDMH for water spray at the same rate. Fog
dces not seem as desirable as water spray against UDMH fires, since part of the fog
evaporates and is unable to dilute the fuel.

3. foam

Although UDMH caused the alcohol-type foam to break down, it nevertheless
extirnguished UDMH fires. "As with hydrazine, the mechanism of extinguishment appears
to be one of floating water on top of the burning liquid and diluting the surface
below the concentration which will support combustion. Because this is a gentle
application of water, concentration gradients are set up and the average concentratious
of 35-35 weight per cent are well above the minimum concentrations which support com-
bustion. Figure 13 illustrates this. As seen from Figure 14, the relative amount of
liquid required for extinguishment decreases as the fuel depth is increased because
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of the concentration gradients mentioned above. The effectiveness of foam {s in-
creased by faster application rates. Increasing the pan diameter did not increase
the amount of foam required per gallon of fuel at any given depth. The scaling

factor would therefore be a function of volume of fuel, depth of fuel, and appli-
cation rate. )

As was the case with hydrazine fires, foam {s a more efficient method of’
applying water to UDMH fires than is spray. However, if an adequate supply of
water 18 available, the ease of application and the faster rates at which it can
be applied make water spray more attractive.

4. Dry Chemical

Sodium bicarbonate powder rapidly extinguished UDMH fires. When the dry chemical
was applied at rates of 0.0175 or 0.0083 lb/sec/ft? and when complete coverage of the
surface was obtained, all fires were extinguished in less than 5.2 seconds. Fire
size was varfed from 6.5- to 324-sq in and depth of fuel from 0.093 to 0.47 inch.

If complete coverage was not obtained, the fire flashed over the surface when the
flow of agent was stopped. As was the case with hydrazine, the fire could be
reignited by a hot wire. Dry chemical is particularly suitable when speed of
extinguighment 1s important or when a minimum amount of agent must be applied.

S5, Vaporizable Liquid Agents

As shown below, trichlorotrifluoroethane extinguished 6.54-sq in UDMH fires
when applied at a rate of 0.5 gpm/ftz. The fires could be reignited after
Y extinguishment, but burned less intensely. Since trichlorotrifluoroethane has a
boiling point of 115.7°F, and the fire point of UDMH is 34°F, cooling of the UDMH
does not appear to be a mechanism of extinguishment. Although dense white fumes
were given off when the trichlorotrffluoroethane contacted the burning UDMH, there
was no increased intensity of the fire such as occurred when chlorobromomethane
was added to hydrazine. Trichlorotrifluoroethane might be useful in locations where
b limited access to the fire i{s available. It appears to be somewhat more effective
' than water spray or foam. ’

W T T YT T W T e o s

<

. Extinguishment of UDMH Fires by Trichlorotrifluoroethane:

. Liquid Depth Extinguishment Time Gallons of Agent
(inches) (seconds) per Gallon of
) UDMH
$ 0.093 6.9 0.99
b 0.186 6.7 0.48
co 0.279 9.5 0.45
. 0.372 24,0 0.86
i Notes:

1. Application rate: 0.5 gpm/ft2
) 2. UDMH temperature: 80°F

3. Preburn time: 10 seconds

4. Fire Sfze: 6.5 sq in

D.  EXTINGUISHMENT OF FIRES INVOLVING A MIXTURE OF HYDRAZINE AND UDMH

Although an investigation of fires involving a mixture of 50 parts each by
weight hydrazine and UDMH i{s incomplete, enough data have been obtained to indicate
that this mixture behaves very much like pure UDMH in regard to burning rate and
quantity of agents required for extinguishment. The reason is that the vapor pres-
sure of UDMH is much greater than that of hydrazine, so that the vapors above the

v mixture are essentially UDMH.
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In addition to the agents applied to UDMH fires, several other agents have

been tested against small fires involving the mixture. These agents were bromo-
trifluoromethane and carbon dioxide.

Bromotri fluorcmethane, when applied at a rate of 0.04 11:>/se¢:/ft2 (0.18 gpm/ftz),
failed to extinguish fires involving the 50-50 mixture in the 6,54-sq in burmer. The
agent was applied in gaseous form and directed on the fire both from above and from
the side. It did not react with the burning fuel. Further tests are in progress,
with other methods of application.

Carbon dioxide when applied at a rate of 0.17 lb/sec/ft2 failed to extinguish
fires involving the 50-50 mixture in the 6.54-sq in burmer. The carbon dioxide was

applied in the gaseous form and no attempt was made to direct “002 snow”" on the
fire.

III. CONCLUSIONS
Based on results to date the following conclusions are drawn:

1. Hydrazine fires can be extinguished by water sprays, alcohol-type foams,
or dry chemical powders containing primarily sod{um bicarbonate. Water sprays are
best suited for spill-type fires. At least one gallon of water per gallon of fuel
must reach the surface of the burning liquid. Foams can be used for deep pools or
in chases where the water supply is limited. Dry chemicals should be used in cases
where rapid extinguishment is necessary or when the amount of agent available is
limited, and where reignition is not a problem. Chlorobromomethane should not be
used against hydrazine fires.

2. UDMH fires may be extinguished by water sprays, alcohol-type foams, dry
chemical powders containing primarily sodium bicarbonate, or trichlorotrifluoro-
ethane. Water sprays are best suited for spill-type or deep-pool fires. .Dry
chemicals are effective when rapid extinguishment is necessary or when the supply
of agent is limited, and reignition is not a problem.

3. Fires involving the 50-50 mixture of hydrazine and UDMH behave essentially
as UDMH fires. The same quantities of agents are required for fires involving the
mixture as for fires consisting of pure UDMH. Neither bromotrifluoromethane nor

carbon dioxide have extinguished fires involving the 50-50 mixture, im testa to
date. -
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The Flamiiability of Methane-Air Iixtures in
Water-Base Foams

by J.H. Burgoyne and A.J.Steel

Departuent oi Chemical Engineering & Chemical Technology
Imperial College, London, 5.'/.7. inglend.

This investigation forms vart of a programme of
research into flame propagation phenomena in systems in which the
ras phase is accomuanied by a physically-distributed liquid phase
%e.g. spray , foan or film ) which plays some part, either as a
fuel or as a suovpreseans, iin the combustion »rocess. In the
present instance the ohject was to examine the extent to wnich
the flammability range of a nethane-air mixture is restricted by
inclusion in waver foans of defined properties. So far as we
arc aware this subject had not previously been studied, excent
for some preliminary experiments (as yet unpublished) carried out
at the Safety in Ifines Research .Jdstvablishment at Buxton, Ingland,
tarough which the problem first came to our attention. The
indluence oi water vapour upon the flammabiljty ronge of methane
in air h?s\becn studied Dy Coward :: Gleadall(l) and vy Yeaw &
shnidman 2); and 2illett(3) has examined the effect of water
spray on the flamnabilitly of butane in air.

The foam properties with which correlation of +the
flammability range was sought were "wetness" and bubble sige.
"Jetness" was defined by an inverse function, the "exnansion
ratio’", which was taken to be the ratio of the volume of a cer-
tein quentity of fosm to the volume of liquid therein. An objectd
of the cixperiment:l method of foam generation was to attain uni-
form bubble-size throughout any varticular foam and the size wag
delined by a mean disameter.

Avparatus and neciiods.

A contvinuous flow system was employed to prepare
methane-air mixtures and to generate foams having these mixtures
as the contained gas-phase. Air and methane from compressed gas
cylinders were wazsed through dryingz towers, flow control valves
and orifice Ilow meters before mixing,., “Yhe mixture then passed
through a water saturator and a capillary to damp out bubbling
pdsations before entering the foam generator. In this, the gas
mixture bubbled through a copper gauze subnerged in detergent
solution to a controlled depth. . The bubbles escaping from the
liquid surface gave rige to a foam of reasonably uniform hubble
s51ze whieh ascended a perspex drainmze column of controllshle
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height before turning into the horizontal flammability testing
tube. This consisted of a perspex tube 2% in. internal diameter
and some 4 ft. long which was continuously rotated sbout its axis
so as to'minimise drailnage from the Tfoam travelling along it.
Foam emerging from the end of the tube fell into an open waste
receiver,

Inflammability of the foam in the tube could be tested
at any time by applying a one-inch coal gas flame to the open
end and seeing whether or not flame would propagate throughout

-the contents of the tube. The products of propagation, if any,

were swept out by the oncoming foam in readiness for another
test. The rate of flow of foam along the tube did not exceed
1.cm/sec. whereas the minimum rate of ilame propagation was

12 cm/sec, 'The #low of foam did not, therefore, interfere with

‘Tlammability testing.

The foam properties were measured on samples emerging
from the end of the tube. Ixpansion ratio was measured by allow-
ing a known volume of foam tofall into a measuring vessel con-
talnlng a layer of hexanol as separable foam breaker, and
measuring the volume of the aqueous 1liquid formed. Bubble size
was measured by allowing the foam to fall into a flat-bottomed
perspex receiver containing a thin layer of the detergent solu-
tion. The foam was photographed through the bottom of this
receiver, which was inecribed with a cm. scale, and after suitable
enlargement of the plate, the mean diameter of some 250 bubbles
vias Tound hy measurenent

' The detergent solution conolsted of a 1% solutlon in
distilled water of "Perlankrol! (Lankro Chemicals Itd., Lccles,
mancnegter, #ngland) and had a surface tension of 26,3 dynes/om.
at 20°C, as measured by 'the capillary rise method.

The expansion ratio of the foam could be controlled. by
the gus flow (bubbling) rate and also by varying the height of
the foam drainage column. Bubble size was primarily controlled
by the mesh of the copper gauze through which bubbling took place,
but was also influenced by the gas flow rate. Approximate ranges

of variation available for satloiactory use were: expansion ratlo
20 to 1500; bubble dlqmcter 1 to 4.5 mm.

The method of conducting an experiment was asg follows.
With a gauze approprlate to the bubble size required, the air

~flow was adjusted to give approximztely the desired expansion

ratio. Methane was then added to the gas stream and its flow
rate adjusted to give a limit mixture in the foam, as judged by
repeated flammability tests. Samples of foam were then taken
for measurement of properties and these were recorded against
the 1limit gas mixture composition as dgtermlnod from the flow
meter readings.

Results.

In the absence of foam, the flammability limits of the




methane in air in the horizontal tube were 5,41 and 153.94 vol.-%.
In the presence of ioam these were narrO\ed to varying degrees.
The narrowing was in general increased with decrea51no bubble
size. MThe effect of varying expansion ratio (R) was however
somewhat complex. It is illustrated by a few figures in. the
accompanying table, but may be summarised as fdllows:

(1) TFor values of R between 1500 (the highest used) and about:
300, the flammable range narrowed with decreasing R (increasing
wetness), and at 300-250 reached a minimum, which for the smaller
bubble sizes amounted to complete suppression.,

(2) Por vélues of R between 300 znd 70, the flammable range
widened agaln, reaching a maxinum ot about the latter value.

(3) Por values of R below 70, the flammable range again con-
tracted with increasing wetness and with R about 20, flame prop-
agation creased.

In regions (1) and (2) the flame front was almost flat
and vertical. Hith the driest foams in region (1), a definite -
gap appeared between the flame-front and the collapsing foam
ahead. In both regions spray arising from the collapsing Lfoam
could be seen in and near the flane-front.

In region (3), the passapge of the flame did not result
in complete destruction of the 1oam Kernels of flame travelled
independently of one anotier, leaving behind considerable amounts
of unconsumed foam. '

i ] A convincing demongtration of the existence of reglons
(1) ana (2) could be prov1ded by allowing an initially non-
flammable foam of e: panoion ratio about 300, mean bubble size
1.50 mm. containing a 9% methane-air nixture, to drain for about
20 sec. by stopping the rotation of the tube, prior to ignition.
The upper and lower halves of the foam could then be ignited
separately .and would propagate flame independently leav1nn un-’
consumed a central layer some 2 cm. thick. Due to drainage, the
upper and lower la{ers had moved respectively into Regions (1)

(dry) and (2) (wet), leaving the central layer non-flammable
between the two regions,

Discussion.

The fact that the limits of flammability in foams of fixed
bubble size, but varying expansion ratio, are generally symmetri-
cal aboutl the stoichiometic methane-air mixture, and converge upon
it when convergence occurs, suggests that the princip .l function
of the foam is to absorb the available energy in the mixture. For
flame propagation to continue, some of the energy released by
mixture burning in one bubble must be used to ruplure the wells of
the bubble and so gein .:ccess. to unburnt mixture in adjacent
bubbles The heat transferred irom the existing flame front
towardU the unburnt mixiture thus released will %e shared by such

2.
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Tiguid water as is in thc zrea to an oxtent dependent upon the
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state of division (i.e. surface area) of the water at the time

In Region (1) the foam is dry and bubble walls arc thiih.
The rupLure of > ralls by the advancing f1: gives rise 1o
water droplets whioh'lovcr the Tlame temperature in the co
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being voluotilised. ul“ nixtures just able to propagate flaume in

the absence of foax e no longer able to de go in. ity oresence
and the liwits of flawrs bilitr are narvrowed. ith decrs .cing
expansion ratio, the bubble walls become thickoer and hance the

~water droplets formed become larger. o long as tioe droplets

remain small enovnn to be vaporised complctely during thelr
passuyze th“ouy the advanieing flane, this increasce in size will
c¢ouse incre: suppression of the limits ap is obgserved in
Rezion (1).

In Region (2) it appecars that with increcsing wetness (de-
crease of R) the size of droplets Torsed iz rapidly increasing
and ultimetely dxoplet Zorniation asuociwtcd with the foam rupture

ceases to be recognisable. In the circumgstances the cooling
effect of the foarn, which is prlntrllv exerted throush droplet

Tormation, has beoome much decreased and the limits.are widened.

Mnally, in Region (3), the energy required to break throuszh
the bubble walls, which increases continually with decreasing
expansion ratio, becomez great enough to take signiricant toll of
the energy available from the burnlu mixture anl the limits con-
verge to final- supprcﬂclon. In this region the situation is com-
pllcﬂted a littlzs by the fa2ct that Llame propagation does not
occur uniformly throuph th@ foam. It secemg likely that the flane
r-kes its way tlrourh llphtLV lev“ wet parts of tTriz foam with
the result that the remaining par become somewhat wetter,
turough the relegation of foam debris, anid so remain uanhurnt.

Throughout regions (1) and (2) in which droplet formation,
or the lack oxX it, is the controlling faclor, an effect oi bubble
size (d) is superinposed upon the eifect of expansion ratio (r).
Thue with smaller bubble size (i.e. thinner bubble walls ior a
siven expansion ratlo) smaller droplets are formed and the
suppregsicn cJLbcL is greater. In fact, it limits ar. plotted
upon a basis R/ in thece regions the curves guperinpose
fairly well jov tize ronge ol bubblz size exawined,
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TABL=

Selected values of lower and upper flammability limits (vol.-%)
methane in air in foam of varying expansion ratio, but approxi-

Expansion ratio

38,5
53.3
82.6
130
189
217
279
321
438
598
692
878
o (dry)

Léwer limit

7-87
7.50

ILxpansion ratio

37-8
49.1
79.3
126
179
262
280
325
436
586

- 701

o (dry)

mately cqnstant bubble diameter = 1.5 - 1.8 mm.

Upper 1imit

11.55
11.93
11.94
11.68
10.57
9.66
9-50
9.68
9.92
10.86
11.19

13.94
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THERMOGRAVIMETRIC AND DIFFERENTIAL THERMAL ANALYSIS
OF WOOD AND OF WOOD TREATED WITH INORGANIC SALTS
DURING PYROLYSISL

A Progress Report

by Frederick L, Browne, chemist
and Walter K. Tang, chemical engineer

Forest Products Laboratory, Forest Service, U.S. Depé.rtment of Agriéultureé

Burning of wood is preceded by pyrolysis to form gases and vapors anda solid residue
of charcoal; some of the gases and vapors can burn in flames when mixed with air,
and the charcoal can burn in air by glowing without flame. Empirically it has long
been known that flaming combustion can be retarded by impregnating wood with suit-
able materials, such as certain inorganic salts. Although a number of theories of
flame -retardant action have been proposed (é),?. the mechanism of wood' s combustion
and the effect of chemical treatment on it remain uncertain. It appears most likely
that the best flame retardants act by altering favorably the preliminary step of wood
pyrolysis.

The present research was undertaken to study the mechanism of wood pyrolysis and
the effect of chemicals on it by the methods of thermogravimetric and of differential
thermal analysis. Results so far indicate that the methods are promising but that

much further work will be needed before their significance can be fully established.

In dynamic thermogravimetric analysis, wood samples were weighed and the weight
recorded continuously and automatically as a function of the temperature attained by
the sample while it was being heated in a stream of nitrogen with the temperature
rising steadily at a linear rate. Such graphs disclosed the threshold temperature for
active pyrolysis, the range of temperature within which most of the pyrolysis occurred,
and the yield of char (or extent of volatilization) when pyrolysis was practically com-
pleted.

In static thermogravimetric analysis, the sample weight was recorded as a function of
time at constant temperature at each of a series of temperatures from about the thres-
‘hold for active pyrolysis to a temperature at which pyrolysis became inconveniently

l‘I‘he work here reported was financed in part by a grant from the National Science
Foundation and in cooperation with the Koppers Company, Pittsburgh, Pa.

;Maintained at Madison, Wisconsin, in cooperation with thie University of Wisconsin.

éNumbers in parentheses refer to literature cited at the end of this report.
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rapid. Such graphs served as a basis for calculating reaction rate constants and
activation energies for an early stage of pyrolysis. In differential‘thermal analysis
the difference in temperature between wood or treated wood and a reference material
was recorded continuously as a function of the sample teinperature while both sample
and reference material were being heated with the furnace temperature rising steadily
at a linear rate. Such graphs révealed the occurrence of endothermic or exothermic
reactions at the various levels of temperature and a rough estimate of the relative ex-
tent of evolution or absorption of heat.

ABEar#ms

A thermogravimetric balance made by the American Instrument Company was used (2).
The sample to be pyrolyzed was suspended from a calibrated spring, all within a glass
enclosure that could either be evacuated or supplied with a gas flowing at a controlied
rate. The lower portion of the glass enclosure, the reaction chamber, could be quickly
encompassed by an electric furnace that was either preheated to a desired constant
temperature or else was programmed to rise in temperature at a predeterminedlinear
rate. Movement of the balance spring was picked up by a transducer and demodulator
and the impulse transmitted to the y-axis of an x-y recorder. The x-axis could be set
to record the temperature attained by the sample as measured by a thermocouple
located about 5 millimeters below the sample in the reaction chamber; or, by the flick
of a switch, the x-axis could be set to record time instead of temperature., When the
x-axis was set to record temperature, there was provision also for a discontinuous
record of time in the form of pips scribed in the curve at intervals of 1, 5, or 20
minutes,

By a simple modification, the thermogravimetric balance was adapted for differential
thermal analysis. A switch was provided to disconnect the impulse from the transducer
and demodulator of the weighing system and to substitute for it the input from a dif-
ferential thermocouple with one junction in the sample and the other junction in a
reference material. Sample and reference material were contained each in its own
glass tube with stopper carrying a thermocouple well and inlet and outlet tubes through
which either vacuum or a stream.of nitrogen could be applied. The nitrogen entered
the tube through a glass sleeve at a point slightly above the level of the sample or
reference material and discharged, together with any volatile products, from the top
of the tube. Sample tube and reference tube slipped into wells drilled in a metal
cylinder, which in turn fitted into the cylindrical chamber of the electric furnace of the
thermogravimetric balance, now become a differential thermal balance.

Preparation of Samples

The size and shape of wood samples may affect the rate of pyrolysis and the yield of
products because the diffusion of heat into the interior of the sample and the escape of
volatile products from the interior enter into the overall process. Within thick samples |
the temperature at any instant varies more than in thin samples; the yield of char is
greater for thick than for thin samples because volatile products formed at first under-
go secondary pyrolysis, yielding tar coke to add to the wood charcoal if the volatile
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products cannot escape fast enough. When delayed escape of volatile products-is
significant, pyrolysis in vacuum proceeds faster and yields less char than pyrolysis
at atmospheric pressure. : - V ' : ;

Since the present purpose was to study as nearly the initial stage in pyrolysis as
possible, it was necessary to minimize the effects of diffusion of heat and volatile
products. Use of veneer (shavings) 0. 16 millimeter thick, cut from greéen or Tésoaked
wood with a tool designed especially for the purpose, accomplished the objective re-
markably well. This is demonstrated in figure 1, in which the curve for dynamic
thermogravimetric analysis .in nitrogen at atmospheric pressure nearly coincided with
a curve for pyrolysis in a vacuum. Similar experiments with samples in the form of
dowels about 1 centimeter in diameter showed that in nitrogen the pyrolysis proceeded
much less rapidly and the yield of char at the end of active pyrolysis was much greater
than in vacuum. ' )

Ponderosa pine sapwood samples 0. 16 by 46 by 47 mm. have been used for most of the
tests so far. Samples were conditioned at 27° C, and 30 percent relative humidity.
Those to be impregnated with a salt were immersed in aqueous solution of suitable

. concentration to provide the desired degree of treatment, evacuated for 30 minutes,
left immersed at atmospheric pressure for approximately 2 hours, removed, wiped to
remove excess solution, dried, and conditioned at 27° C., and 30 percent relative hu-
midity. The quantity of salt retained by the wood was calculated as the difference be-
tween the equilibrium weights before and after treatment corrected for a loss of ap-
proximately 1.5 percent of water-soluble components of the wood to the treating
solution, as determined by similarly impregnating matched wood specimens with dis-
tilled water and reconditioning them. ’ ' ’

For differential thermal analysis, ponderosa pine sapwood was ground to particles less
than Q.25 mm. in diameter. Samples to be treated were placed on a glass filter, re-
peatedly washed with aqueous solution with the aid of suction, drained with suction for
about 30 minutes, dried, and conditioned at 27° C. and 30 percent relative humidity.

—

Inorganic Salts Tested

Tests have been made so far with the inorganic salts listed in table 1, together with
the residual weight left at 200°, 250°, and 400° C., respectively, when a sample of
the salt was subjected to dynamic thermogravimetric analysis under the conditions
described farther on for examination of wood treated with the salt. ‘

Data in handbooks state that those of the salts that contain water of crystallization lose
it before the temperature reaches 200° C. The ammonium phosphates and ammonium
chloride begin to decompose before they reach a melting point. Ammonium sulfamate
melts at 132.9° C. and begins to decompose to ammonia and sulfamic acid at 160° C.
Ammonium sulfamate and ammonium chloride are distinctly volatile and sublime com-~
pletely at temperatures well below 400° C. Ammonium chloride changes from the «
to the B form with a heat effect at 184° C. The four remaining s.:-ilts do not .melt, de-
compose, or sublime before reaching temperatures at which active pyrolysis of wood
has been completed.
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sapwood veneer 0, 16 mm. thick. The lignin was sulfuric acid lignin from aspen in the
form of fine powder. The g-cellulose was from southern yellow pine in the form of a
thin felted mass. The differences in origin and form of the samples do not impair
qualitative comparison of the three materials in view of the great differences in the
course of their pyrolyses.

The loss in weight of 5 percent for cellulose and of 6 percent for wood and 1i§nin re-
corded at 200° C. in figure 2 had actually been attained already at 100° C. and repre-
sented moisture in the samples initially. Further loss in weight attributable to pyroly-
sis began near 220° C. for both wood and lignin, but not until 275° C.for cellulose.

On the other hand, pyrolysis of cellulose proceeded very rapidly as temperature rose
still further, whereas the pyrolysis of lignin accelerated very slowly. Cellulose pyroly-
sis was essentially complete at 400° C. with a yield of char of only 15 percent, which
decreased to 9 percent at 800° C. Lignin at 400° C. still was 70 percent unvaporized
and, at 800° C., was 45 percent unvaporized.

The relatively sudden collapse of cellulose within a narrow range of temperature and
the slower disintegration of lignin over a broad band of temperature perhaps are ex-
plicable from the nature of their macromolecules. Cellulose, as a repeating polymer
of a single monomer of moderate size, may well follow a shorter and less involved
path to complete pyrolysis than the more intricate macromolecule of lignin with its
more varied constitution of aromatic nuclei connected by straight-chain links, The
indication that the threshold temperature of pyrolysis is lower for lignin than for cellu-
lose seems at first to conflict with much of the literature (6), which holds that the
hemicellulose in wood pyrolyzes most readily, the cellulose less so, and the lignin
least readily; but the apparent conflict is easily reconciled, because only a small frac~
tion of the lignin has been lost at temperatures at which the cellulose is already com-
pletely pyrolyzed.

Figures 3 and 4 present similar thermogravimetric curves for ponderosa pine treated
with all the salts listed in table ] except monobasic ammonium phosphate, which is
omitted from the figures because its performance was almost identical with that of
dibasic ammonium phosphate. When the salts contained water of crystallization, the
initial loss in weight before 200° C. was increased correspondingly. If the curves
were adjusted to start from the anhydrous weight as 100 percent, the curves for wood
treated with sodium borate and sodium phosphate would as nearly coincide with the
curve for untreated wood up to 300° to 350° C. as the curve for treatment with sodium
chloride actually does. On the other hand, the curves for the three ammonium salts and
for potassium carbonate reveal distinctly faster pyrolysis than that of untreated wood
in a region between approximately 200° and 300° C.

Beyond about 350° C. the weight of char from wood treated with any one of the salts
exceeded the weight of char from untreated wood. The char from some but not ail of
the treated samples still contained the injected salt or products of its decomposition.
To learn the yield of wood charcoal on completion of active pyrolysis of the treated
sam‘ples, correction must be made for any inorganic residue in the char. Such .
residue at any temperature up to 400° C. was estimated by thermogravimetric analysis
of each salt by itself. The procedure involves the assumption that the salt loses
weight at the same rate and to the same extent in the presence as in the absence of
actively pyrolyzing wood, an as sumption that may require more careful examination ‘

at a later stage in the research.
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Hunt, Truax, and Harrison (_8_), on the basis of la.boi-atory tests by the fire-tube
method, described the salts marked I in the last column of table 1 as ‘‘chemicals
that have a considerable effect in retarding flame in light absorptions and a marked ~
effect in heavy absorptions.' They did not test ammonium sulfamate, but subsequent
tests at the Forest Products Laboratory place it in group [. Salts of group II were
described as '‘chemicals that have a very minor effect in retarding flame in light ab~
sorptions but a marked effect in heavier absorptions, ' salts of group III as "chemicals
that have a moderate effect in retarding flame when present in wood in large quantities"
and salts of group IV as '"chemicals that have a noticeable but not important effect in
retarding flame even when present in wood in large amounts." )

Experimental Procedure

For thermogravimetric analysis, a sample of 0.1l6-mm. veneer weighing between 0.25
and 0.5 gram was suspended from the balance spring in a central position in the
pyrolysis chamber. The y-axis of the recorder was so calibrated that the full weight

of the sample just spanned 100 divisions of the graph paper and the x~axis was set to span
the range in sample temperature to be studied. The system was evacuated and then
flushed with nitrogen three times to remove air with its oxygen from the sample and

the pyrolysis chamber.

For dynamic thermogravimetry the furnace, still unheated, was raised into position
enclosing the pyrolysis chamber, heating was started at the programmed linear rate
(usually 6° C. a minute), flow of nitrogen through the system was established at the de-
sired rate {usually 2 liters a minute), and the recording mechanism was set in motion.
The recorder scribed the decrease in sample weight in percent of its initial weight
against the temperature attained by the sample and also indicated the lapse of time by
pips scribed at 5-minute intervals.

For static thermogravimetry the furnace was brought to. a constant temperature selected
in advance and was then raised to enclose the pyrolysis chamber. - The recorder was set
in motion when the furnace reached its position with the x-axis of the recorder charting
sample temperature together with l-minute pips until the constant furnace temperature
was nearly reached (usually in 13 to 15 minutes), after which the x-axis was switched

to record time instead of temperature.

For differential thermal analysis the sample tube was packed with about 5 g. of ground
wood and the reference tube was packed to an equal depth with aluminum oxide. Alter-
natively, for certain tests the sample tube contained chemically treated wood and the
reference tube untreated but otherwise similar wood. With tubes in position, the
furnace was set to rise in temperature at the rate of 12° C. a minute until it reached
600° C. The recorder charted the difference in temperature between sample and |
reference material against the temperature attained by the sample.

Results by Dynamic Thermogravimetry

Figure 2 records the portion of the dynamic thermogravimetric curves between 1 3¢ and
400° C. obtained for wood, lignin, and g~-cellulose. The wood was ponderosa pine
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From the yield of char as indicated by the curve in figure 3 or 4, corrected for the
content of salt or its decomposition product, and from the content 6f dry wood easily
calculable from the weight at 150° C., the extent of volatilization of the dry wood
substance originally present in the sample was calculated for sample temperatures

of 250° and 400° C. and is recorded in table 2, together with the temperature at which
active pyrolysis began, the content of anhydrous salt in the sample before pyrolyzing,
and the practical clasgsification of the salt for flame retardance.

Untreated wood began to pyrolyze actively at 220° C., was volatilized at 250° C. to
the extent of 4 percent only, but at 400° C, volatilization attained 76 percent. Wood
treated with one of the ammonium salts began to pyrolyze at much lower temperatures,
150° or 180° C., was much more extensively volatilized than untreated wood at 250° C.,
but was much less extensively volatilized than untreated wood when active pyrolysis
was essentially completed at 400° C. Treatment with potassium carbonate advanced
the onset of wood pyrolysis slightly (to 210° C.), increased volatilization of wood at
250° C. significantly, but somewhat less than the ammonium salts, but did not dimin-
ish the volatilization of wood at 400° C. so much as the ammonium salts did. The
three sodium salts failed to alter the temperature at which wood pyrolysis began and
increased the volatilization of wood at 250° C. little if at all. At 400° C., however,
sodium tetraborate restricted volatilization of wood about as much as the ammonium
salts did, whereas sodium phosphate and sodium chloride permitted nearly as much
volatilization of wood as occurred with untreated wood.

Apparently, the extent to which a salt might lower the temperature at which pyrolysis
began depended on the nature of the salt but not, within wide limits, on the quantity of
salt in the wood. On the other hand, those salts that increased volatilization of wood
at 250° C. seemed to effect greater increase the greater the concentration of the salt.
The salts that are highly effective flame retardants seemed to decrease thevolatiliza-
tion of wood at 400° C. to a greater extent the higher the concentration in the wood be-
fore heating, even though some of them, such as ammonium sulfamate and ammonium
chloride, had been driven off completely before the temperature reached 400° C.

Sodium tetraborate differed from the other salts of group I for flame retardance in
that it failed to lower the temperature at which pyrolysis began or to increase the
volatilization of wood at 250° C., Sodium borate did, however, decrease the volatiliza-
tion of wood significantly at 400° C.~

Results by Static Thermogravimetry

The effort to study the kinetics of wood pyrolysis by static thermogravimetry presented
problems that have not yet been solved satisfactorily.

The pyrolysis of wood usually has been considered amenable to treatment as a pseudo
first-order reaction (1,3,5,11,17), The rate of loss in weight was therefore recorded
at each of a succession of temperatures not too far above the threshold temperature
for active pyrolysis, and the logarithm of the as yet unvolatilized fraction of the wood
ultimately volatilized at the given temperature was plotted against the time since heat-
ing began., The weight loss of as much as 35 percent during the period of some 15
minutes required for the sample to attain the constant furnace temperature had to be

. ignored. Beyond this point, the charts took the form of straight lines from the slopes
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of which velocity constant for each temperature was calculated. The slope of plots
of the logarithm of the velocity constants against the reciprocal of the absolute tem-
perature, which proved linear, yielded the activation eénergies given in table 3. '

Results by Differential Thermal Analysis

Curves for differential thermal analysis of wood, a-cellulose, and lignin made with
aluminum oxide for reference, are given in figure 5. All three substances presented
endothermic nadirs at 130° C. that came chiefly from dehydration. Near 250° C. the
curves entered the exothermic region. Lignin then showed a marked exothermic peak
at 415° C. whereas cellulose, after reaching a very feeble exothermic peak at 310° C.,
fell rapidly to a sharp endothermic nadir at 350° C. succeeded by a strong exothermic’
peak at 470° C. Schwenker (16) observed a weak exothermic peak at 328° C. and a
strong endothermic nadir at 372° C. for cotton fabric (alkali-scoured) but no appre-
ciable temperature differential between 400° and 500° C. Both Schwenker (16) and
Keylwerth and Christoph (9) found that the weak exothermic peak at 310° C. became
strongly exothermic when the pyrolysis took place in air.

The curve for wood revealed the influence of both lignin and cellulose in that the sharp
nadir in cellulose at 350° C., which was completely lacking in lignin, in wood became
a valley between exothermic peaks at 340° and 440° C. Kollmann {10) and Tang (18)
observed this valley in experiments in which the rate of rise in temperature at the
center of a ""thick" piece of wood was observed while the piece was being heated in a
furnace at constant temperature. Keylwerth and Christoph gave the designations Bl
and BZ to the peaks at 340° and 440° C., respectively.

Comparison of the thermogravimetric with the differential thermal data shows that,
with lignin, loss in weight due to active pyrolysis began when the reaction became exo-
thermic and proceeded fastest.in the most strongly exothermic region. Weight loss of
cellulose began in the feebly exothermic region about 310° C., but most of the weight
loss occurred in the endothermic region, with its nadir at 350° C. With wood, nearly
all of the loss in weight took place in the exothermic region preceding the valley
between the Bl and Bz peaks; beyond the valley there was little further weight loss,

despite a more strongly exothermic condition, until the peak at 440° C. was passed.

Figure 6 presents differential thermal analyses of wood treated with salts against un-
treated wood as the reference material in order to reveal the effect of the salts on the
absorption or evolution of heat in the various regions of temperature. Figures 7 and
8 present the differential thermal analyses for untreated wood and for wood treated
with the salts when the reference material is inert aluminum oxide, together with the
corresponding thermogravimetric analyses. :

Salts that contained water of crystallization caused an endothermic nadir at about

150° C. (fig. 6). (The small nadir at 150° C. for sodium chloride may be due to a
slight increase in moisture in the treated wood, as can be observed in figure 4.) The
three ammonium salts showed a common nadir near 220° C. that possibly was due to
dissociation of ammonia and its possible reaction with wood. Decomposition of the
ammonium phosphate to the pyro- and metaphosphates and decomposition and sublima-
tion of ammonium sulfamate and ammonium chloride may account for most of the heat
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effects between 220° and 450° C., Presumably ammonium sulfamate and ammonium
chloride are volatilized completely before 400° C. The sodium and potasgsium salts,
after their water of crystallization is lost, are believed to remain undecomposed
and nonvolatile up to temperatures well beyond the present interest. All of the salts,
however, exhibited an exothermic peak somewhere between 325° and 385° C.

Comparison of figures 6 and 8 shows that the three ammonium salts exerted a pre-

_dominantly endothermic effect in the zone of temperature within which nearly all of the

volatilization of wood took place. They also suppressed the exothérmic peak 8, of un-

treated wood or, in the case of ammonium phosphate, perhaps shifted it from 340° to
285° C. and sghifted the BZ peak from 440° to about 400° C. One is tempted to attribute

the effectiveness of the three ammonium salts to these characteristics, which were not
shared by such ineffective salts as sodium phosphate and sodium chloride. It must be
recognized, however, that the characteristics in question were not exhibited by the
effective flame retardant, sodium borate, or the somewhat effective retardant,
potassium carbonate. All of the sodium and potassium salts exerted a predominantly
exothermic effect in the region of chief volatilization of wood, made the Bl peak more

strikingly exothermic, and left the BZ peak relatively unaltered.

Conclusions

The methods of dynamic thermogravimetric a.na,lysisAa.nd differential thermal analysis
offer promise of contributing significantly to study of the mechanism of wood pyrolysis
and the action of chemical treatments on it. The possible use of static thermogravimet-
ric analysis to study the kinetics of the reactions seems to present greater difficulty.

The threshold temperature for active pyrolysis of lignin and of wood was found near
220° C., whereas that of g-cellulose was near 275° C. In each case the threshold
temperature occurred soon after an endothermic region of the pyrolysis yielded to a
definite exothermic trend. Once started, however, the collapse of cellulose was rapid,
was essentially complete before 400° C., left little char, and was associated with a
marked endothermic nadir. Lignin, on the other hand, lost weight slowly, losing only
one-fourth its weight by the time 400° C. was reached and only half at 800° C., and
the pyrolysis appeared to be steadily exothermic. Wood exhibited the effects of its two
chief constituents; the pyrolysis showed exothermic peaks at 340° and 440° C., with a
valley between them that was due to the endothermic region of the cellulose.

The inorganic salts tested so far fall into three groups according to the effects they ex-
hibited.

(1)‘ Two ammonium phosphates, ammonium sulfamate, and ammonium chloride lowered
the threshold temperature for active pyrolysis, markedly accelerated loss in weight
between the threshold temperature and 250° C., exerted a markedly endothermic effect
through the region of temperature in which most of the loss in weight of wood occurred,
and kept to 2 minimum the amount of wood volatilized when pyrolysis was essentially
complete at 400° C. These ammonium salts are recognized as highly effective flame

retardants.
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(2] Two salts of limited or negligible effectiveness as flame retardants, trisodium
phosphate and sodium chloride, failed to lower the threshold temperature for active '
pyrolysis or to increase the volatilization of wood up to 250° C. very much, exerted

a predominantly exothermic effect in the region of temperature in which most weight
loss occurred, and allowed nearly as much wood to volatilize when pyrolysis was com-
plete as was the case with untreated wood.

(3) The highly effective flame retardant, sodium tetraborate, behaved like the ineffec~
tive salts of the second group in the region of temperature up to- 250° C. It resembled
the effective salts of the first group, however, in holding down the extent of volatiliza~
tion of wood when pyrolysis was complete at 400° C. Potassium carbonate, which is
considered a moderately effective flame retardant, proved less effective than sodium
tetraborate in reducing the extent of volatilization at 400° C. but showed a slight
ability to stimulate volatilization of wood below 250° C. a.nd to advance the threshold
temperature of active py-rolysls.

A more extensive study of chemical treatments is needed before decisions can be
reached but it may be mentioned that the salts of the first group are formed betwéen a
weak base and a strong acid, those of the second group between a strong base and a

strong acid, and those of the third group between a strong base and a weak acid. Ithas

been suggested repeatedly (4, 12, 13) that good flame retardants are likely to be sub-
stances that readily decompose to form a strong acid or to form a strong base. No
doubt the mechanism of action may differ according as the effective reagent is an acid

or a base (7, 14, 15).
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Table 1. --S5alts used to treat wood samples

156.

Salt : Residual weight on dynamic :Clagsifica-
: thermogravimetric analysis : tion for
e e mmmmmem-w: Trelative
: at : at : at .: flame
: 200° C. : 250° C, : 400° C. :retardance
--------- e o e e e e e e e S ot e 2 e e e e o
: percent : percent : percent :
Dibasic ammonium phosphate, : : : :
(NH4) ZH]?O4 97 88 71 I
Monobasic ammonium phosphate, : : : :
(NH DH,PO, S R . I
Ammonium sulfamate, : : H :
NH4-SO3-NHZ 94 91.5 0 I
Ammonium chloride, : : : :
NH4C1 : 99 : 95 H 0 : I
Sodium tetraborate, : : :
Na.ZB4O7o10HZO 52.8 52.8 52.8 I
Tribasic sodium phosphate, : : : L
Na_ PO «12H.O : 43,1 : 43,1 : 43.1 : oI
3774 2 ) ) )
Potassium carbonate, : : :
KZCO3'1'5HZO 83.6 : 83.6 : 83.6 : oI
Sodium chloride, : H H :
NaCl : 100 : 100 : 100 : v

.

i
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Table 2, ~~Dynamic thermogravimetric analysis of untreated wood and of '
wood treated with inorganic salts

Salt present in the wood

None (untreated wood)

Dibasic ammonium phos-
phate

S 5 T Z

40 6% e B8 44 46 8% 60 e¢ v e e 8v a8 se

eesscveseseDOvenacsncendl

Ammonium sulfamate

escceessseeDOceccnsencsns

Ammonium chloride

eecsevesseeDOvesscsosnsnn

te ta e 4 es e

saseevssssaDOveraascaceal

Sodium tetraborate deca-
hydrate

seescsssecsDOiacacsasesal

T se se e

Content of : Temperature :Extent of volatiliza-:Classi-
anhydrous : of onsetof : tion of wood in :fication
salt in : active : sample :of salt
sample : pyrolysis ieweecceeccecccece-w: for

: :at 250° C,:at400° C.: flame
: : . .o :retarde
: : : : ance
- 0 o > - s ey o o o s o Y 0 o s - - 0 2 o v e mmw-——-
percent ° C. : percent : percent :

0 : 220 : 4 : 76 I ==
0.5  : 180 : 35 : 48 : I
11.1 : 180 : 21 : 50 : I

2.4 : 180 : 11 : 57 : I
23.4 180 : 45 : 42 : I
16.6 180 : 44 : 50 : I
29.8 150 : 52 : 54 I
18.6 150 : 34 : 57 : I

9.0 150 : 22 : 60 : I
11.0 220 : 4 : 53 : I

1.0 220 : 2 : 57 : I

Tribasic sodium phosphate: -

dodecahydrate v :

cecsessesesD0Oecsscccassl

Potassium carbonate
sesquihydrate

cecscasccssDOceresscscsnsl

IR TIEY)

cevsesssessDOviscsecnanel

Sodium chloride

[T 5 I Y

e s se we se

89 @5 ee W4 $4 e 9 €8 60 40 40 B0 en E et 01 Ge et ey es

220
220

210
210
210

220
220

73 :
64 :

T
—

O O
HH

65 -
60 :
60 :

36 :
29 H
18 :

: 69
: 70 :

44 HHH




Table 3. --Activation energies computed from
static thermogravimetric analysis

of untreated and treated wood

138,

e ae

Salt present in wood ' Content of

: anhydrous :

: salt in :

: sample :
T T pereemt | :
None (untreated wood) : 0 '
Dibasic ammonium phosphate : 10.8 '
Monobasic ammonium phosphate ' 15.1
Ammonium sulfamate f 15.7 ’
Ammonium chloride‘l‘ 17.7
Sodium tetraborate decahydrate 17.4
Tribasic sodium phosphate dodecahydrate 18.0.
Potassium ca'rbona.te sesquihydrate : 20.0
Sodium chloride i 12.0 ;

Activation energy

Idlocalories/mole

35.8

{1st step)
(2nd step)

'I'E'igure 4 shows that pyrolysis in the presence of ammonium chloride occurs in two

steps, for each of which the activation energy was computed.
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Figure l.--Close agreement between curves for dynamic thermogravimetric analysis of thin
veneer (0. 16 mm thick) in nitrogen flowing at 2 liters a minute at atmospheric pressure
and in vacuum of 10 Hg absolute.
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Figure-2. ~-Portion of dynamic thermogravimetric curves between 130° and 400° C., with
temperature rising 6° a minute, for wood, lignin, and g-cellulose.
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Figure 3. --Portion of dynamic thermogravimetric curves between 130° and 400° C., with
temperature rising 6° a minute, for untreated wood and for wood treated with dibasic
ammonium phosphate, ammonium sulfamate, or sodium tetraborate, respectively, at
the maximum retention of salt indicated in table 2. ‘
o——T—T—T T T T [ T 7+ 7 T [ 7 [ T T T T [ T T 17T
[ — . \\\ h
—_—— —
— e —— —— t——
- TN -]
80 ~
N ~
- \\ ~. {
NN\ \.
60— ~_ © ~N «
\\\.‘\.
-
LEGEND :
40+ wWoop WITH:
® NO TREATMENT
| @—=——NHsCL
@_""—/Vﬂ_; P04‘/2H20
@+ = K2C03+1.5 H20
20—  @e----- Nace -
q
ol 1 v oo by oy by e by e by g
150 200 250 300 350 400

TEMPERATURE ATTAINED BY SAMPLE (°C.)

Figure 4. --Portion of dynamic thermogravimetric curves between 130° and 400° C., with

temperature rising 6° a minute, for untreated wood and for wood treated with arx.lmoniu.m
chloride, tribasic sodium phosphate dodecahydrate, potassium carbonate sesquihydrate,

or sodium chloride, respectively, at the maximum retention of salt indicated in table 2.
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Effect of Potassium Bicarbonate on
the Ignition of Cellulose by Radiation

A. Broido

Forest Service—U, S, Department of Agriculture
Pacific Southwest Forest and Range Experiment Station
Berkeley 1, California

S. Martin

U. S. Naval Radiological Defense Laboratory
San Francisco 24, California

Introduction

Most combustion reactions of interest in the field of fire control involve
cellulosic materials. For such materials the fire reactions may be considered as
proceeding in essentially two steps—first, a pyrolysis of the solid phase which
yields, among other things, combustible gaseous products and, second, a highly
exothermic gas-phase oxidation reaction. Since most of the energy in the fire ig
produced in the gas-phase reactions {(and incidentally, since simple gas-phase re-
actions lend themselves more readily to study), most research programs on fire
extinguishment have considered primarily the gas-phase flame reactions.

Investigations into the action of flame extinguishing agents have estab-
lished that, besides the obvious physical effects (cooling, smothering, etc.), a
chemical effect, attributed to a chain-breaking reaction, also occurs in the gas
phase. On the other hand, the possible chemical effect of the extinguishing agent on
the pyrolysis reactions of the solid has frequently been overlooked in the fire extin-
guishing field (although such an effect forms the basis of the chemical theories of
flame-proofing of wood and fabrics). However, fire extinguishment procedures
generally attempt to bring the extinguishing agents in intimate contact with the solid
fuel. Here the agents can affect pyrolysis to give gaseous products differing in
kinds, amounts, proportions, or temperatures, and thus, so to speak, affect the
gas-phase flame reactions before they occur. This possibility is strikingly illus-
trated by the observation that many of the highly recommended fire extinguishing
materials, including potassium bicarbonate, can 'catalyze” the combustion of car-
bohydrates (for example, make sugar cubes burn) (2).

The present report describes some of the results obtained in a series of
experiments undertaken at the United States Naval Radiological Defense Laboratory
(NRDL) to determine how impregnation of cellulose with small amounts of potassium
bicarbonate alters the combustion characteristics of the material and the gaseous
products evolved in the pyrolysis, Purified alpha-cellulose, in the form of spe-
cially prepared papers, had been in use for a number of years in studies of the
thermal decomposition and ignition of cellulosic materials by thermal radiation 4,
6, 7), an important phase of the Laboratory's program investigating the effects of
thermal radiation from nuclear detonations. Such papers had been selected for
study in an attempt to insure reproducible results which could be of direct value in
interpreting the behavior of heterogeneous, highly variable, natural fuels. The
present experiments were undertaken when it became evident that the low ash con-
tent of these papers might give results which differed markedly from results obtained
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with impure natural fuels and that indiscriminate application of fire-extinguishing
and fire-proofing materials might lead to undesirable consequences.

o e

Apparatus and Procedures

Test Materials

In 1853, the Forest Products Laboratory, Madison, Wisconsin, prepared, 4
from a single batch of wood pulp, a series of alpha-cellulose papers (5) for use in
the program of the Thermal Radiation Branch, Naval Radiological Defense Labora-
tory.. These papers were made up in varying thicknesses and densities, and carbon
black was added to some to provide a gradation in optical properties. The paper
(No. 4095) chosen for the present experiments was made with 2,5% (dry weight basis)
carbon black added to the pulp. The density of the dry paper was 0.67 g/cm3, its
thicknesa was 0.54 mm, and its radiant absorptance for the spectral distribution of
the radiant energy source was> 0.9, as measured with a General Electric Model 8
PVI reflectometer, .

i A A

Chemical analysis of this paper indicated an ash content of 0,15%, com~
sisting largely of Ca, Mg, Na, Fe, and .Si. As a result, it was decided that the
minimum addition of KHCOg it would be profitable to investigate was 0,15%— i
doubling the agh content of the sample. To investigate the influence of more drastic
changes in composition, a 10-fold increase—to 1, 5%—was selected, Finally a few
experiments were conducted with 15% KHCOg3 added to a limited number of samples,

A A -

Initial attempts were made to distribute the KHCO3 throughout the cellu-
lose by adding it in aqueous solutions. Because of the tendency of the paper to warp 1
and swell when wet, this approach was abandoned in favor of one in which the KHCOj3
is produced within the cellulose by the neutralization of alccholic KOH with moist
COy. With such a procedure no noticeable change in the appearance of the paper’

could be detected. ' !
For the treatment, three solutions of KOH in anhydrous methanol,were'
prepared~—with concentrations 0,02 M, 0.2 M, and 2 M, The paper samples, 1 1/2 ‘

by 1 3/4 inches in size, weighed 0.63 £.02g, so the treatment consisted of adding

to each sample 0.5 ml of the appropriate solution from a.repeating pipette and plac- “
ing the samples immediately on racks in an atmosphere of COg saturated with water

vapor. The atmosphere was maintained by bubbling tank COg through water and re-

moving excess water from the gtream by passing it through a cellulose filter. After -

an overnight exposure to the moist COg atmosphere, the samples were mounted in
standard holders and left exposed to the normal atmosphere until they were used.

In appearance, the treated samples were indistinguishable from the un- 1
treated samples, and no change in absorptance was detected with the reflectometer.
Evidence that the treatment did indeed convert the KOH to KHCOg3 was obtained in (
two ways: (1) a mumber of samples were weighed before and after ireatment, the

" weight changes being in accord with the stoichiometry, (2) the same samples were
leached with a small amount of distilled water, and the pH of the resulting solution
was compared with that of an aqueous KHCOj3 solution of the expected concentration,
As a final check on the method of sample preparation, the effects of exposure to
radiant energy were compared for a limited number of the samples treated with
aqueous KHCOg4 solution and those treated with alcoholic KOH. . The results showed |
only negligible differences between the two groups of samples.

Radiant Energy Source

- For these experiments, samples were exposed to an intense beam of ther-
mal radiation produced by means of a high current carbon arc and a relay-condenser
optical system, This source (1) can provide a maximum irradiance level of 30 cal- (
ories per square centimeter per second, uniform over a circular area of three square
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centimeters, The spectral distribution of the thermal output from the source, as

operated, approximates that of:a 5, 500° K black body emitter. Attenuation of the

whole beam to the desired irradiance level was accomplished using Libby-Owens-

Ford "color-clear" plate glass, ground to produce a diffusing surface of appropriate

attenuation. Exposures were made by means of a high speed square-wave shutter

capable of providing exposures as short as 0.1 seconds reproducible to 0.01 sec-

onds. The samples of test materials were individually mounted for.exposure in brass
shim-stock holders through which an accurately centered 3/4~inch diameter hole

had been punched. A water-cooled aperture with a slotted guide received the hold-

ers and automatically aligned them into the focal spot.

Phenomena Observed

The effect observed when a particular cellulose sample is exposed to
radiant energy depends upon both the irradiance and the time of exposure. At suf-
ficiently high irradiance, the first ignition phenomenon observed is transient flam=-
ing—a flaming which terminates promptly at the end of the exposure. For some=
what longer exposures at a particular irradiance level in this range, sustained flam-~
ing occurs—the flaming extends beyond termination of the exposure and results in
the nearly complete combustion of the sample., At somewhat lower irradiance levels,
transient flaming never occurs; whenever the exposure is sufficiently long to permit
initiation of flaming, it is always sustained. At still lower irradiance levels a suf-
ficiently long exposure produces glowing ignition, and the sample may be consumed

~without the appearance of flame.

Analvtical Procedures

The principal evidence concerning the influence of KHCO3 on the com-
bustion characteristice of cellulose was obtained from visual observation of the
effects on exposed samples. However, to gain some insight into possible explana-
tions for the observed results, a few comparative measurements were made of the
quantities of the principal volatile pyrolysis products generated by treated and un-
treated samples exposed to the same thermal input.

At two irradiance levels and exposure times chosen on the basis of the
ignition effects in air, first an untreated sample and then a sample impregnated with
KHCOg were exposed in a helium atmosphere. The volatile products were swept by
the helium carrier into a two-stage gas chromatography system (8). As a means of
confirming the identity of the components, the effluent stream from the liquid-
partition stage of the two-stage system was monitored by a Bendix time-of-flight
mass spectrometer. A combination of the chromatographic retention time and the
mass spectrum gives ample proof, in general, of the identity of each component.

Resul_ts and Discussion

Method of Quantification

The result observed when a single test sample is exposed to one specified
pulse of thermal radiation is a ""go - no go'"' phenomenon, That is, for a given irra-
diance, if the critical exposure time (threshold for a particular effect) is exceeded,
the effect will occur (a success); if the critical time is not exceeded, no effect, or
a different, lesser effect will be observed (a failure}). To obtain an estimate of the
critical value, then, a series of samples must be exposed to different values of the
variate. From the results, an estimate of the critical value, usually defined as
that value for which just half of all samples would exhibit the effect, that is, the LDgg
in biological experimentation, may be obtained.

For a given sample population, the value of the estimate depends upon
such factors as tHe variability in sensitivity of the samples in the population and the
variability of the population as a whole with external factors-—temperature, humidity,
etc. For experiments with the present exposure apparatus, additional variability is
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introduced as a result of uncertainties in the delivered dose. The source is not
equipped for comtinuous monitoring. . It is calibrated by mounting a caliorimeter in
the position at which samples will subsequently be exposed. However, the irradi-
ance is not invariate with time, It has short time fluctuations (1-2% in seconds as
the carbons rotate) and long time fluctuations (5-10% over several minutes as the
carbons feed in and out or as voltage drifts). Thus, the method of estimating a
critical value must take into account all such variations.

The procedure that has been adopted in determining the critical value for
a single material is the so-called "up~and-down' method (3). In this method, fixed
increments of the variate, in this case exposure time, are selected., The result of
each exposure then determines the next time setting. If a "success" is obtained,
the time is set down one increment; if a "failure", the time is increased. Neglect-
ing a long series of steps in one direction as the critical value is first approached,
the final estimate is obtained by simply averaging all subsequent exposure times.

For comparing two materials whose critical values differ only slightly,

a modified up~and-down procedure was adopted and will be described in a future re-

port. . Samples of the two materials are exposed alternately in quick succession,

the time setting being adjusted only if the $ame effect is observed for both samples,

" Such procedures permit the use of one material as a control to minimize the effect
of any long time fluctuations,

Critical Values

The regions of occurrence of the various ignition phenomena for the pure
No. 4095 paper are delineated by the curves in Fig. 1. These curves represent the
composite results of a large number of experiments on this paper and extrapolations
from results obtained with the similar papers of different density and thickness. As
may be seen, there is a critical irradiance for the material——a level below which
ignition will not occur no matter how long the exposure. For sustained ignition at
the high irradiance levels, so-called reciprocity is approached, the effect occuring
at approximately the same total exposure regardless of the irradiance level, More
obvious from a logarithmic plot than from Fig., 1 is the fact that for pure alpha-
cellulose papers of the type used in these experiments, the occurrence of transient
flaming may be expressed by a constant product of the irradiance and the radiant

~

exposure. The value of the constant is a function of the thermal conductivity, the -

density, and the heat capacity of the material, For the pure No. 4085 paper the
relationship is given by :
HQ=HZt=59 (1)
where H is the irradiance in cal cm ™2 sec™!

Q is the radiant exposure in cal cm™2

t is the exposure time in sec

For determination of the influence of KHCOg impregnation, four irradi-
ance levels were chosen: 11 and 18 cal em™~2 sec™l, where both transient and sus-
tained flaming are observed for the untreated material; 4.2 cal em™2 sec”l, where
only sustained flaming is observed; and 1.4 cal cm™~2 sec”l, where only glowing ig-
nition is observed. At each irradiance level, parallel "up-and-down'' sequences
were obtained by alternating untreated and treated papers. The average irradiance

to be used for the treated material was estimated on the basis of the average expo~ .

sure time for the untreated samples. The results are presented as the points in
Fig. 1. For those points at which the effects observed differed from those observed
at the same irradiance level for the untreated material, the actual effect observed
for the treated material is also indicated in the figure.

Several interesting observations may be noted in Fig. 1, First, 1f only
0. 15% KHCO3 is added, the effects are the same as for the untreated materials at

P P =

A . sl

- A

-




———T——

- —

. - - v -

-

N

ey

167.

all irradiance levels used, At the highest irradiance level, little difference in
sensii_:ivity is found between the treated and untreated materialg. At the intermediate
irradiance levels slightly more energy is necessgary to produce a given effect in the
treated material, However, at the low irradiance level the treated material is ap~-

preciably more sensitive.

Second, under no conditions attainable with this source was it possible to
induce a sustained flaming in mnaterial treated with 1.5% KHCOj3. Transient flam-
ing did occur, at exposure times slightly longer than for the untreated material, but
all sustained ignitions were of the glowing variety and all occurred at times appre-

c@:]k:ly less than those necessary to produce sustained ignition in the untreated mate-
ri

Third, only at the highest irradiance level was it possible to obtain a
transient flame from the material impregnated with 15% KHCO3, except that a brief
transient flaming, preésumably as the gaseous products of pyrolysis were ignited by
the radiant beam, could be produced at the 12 cal cm ™2 sec”!l level at an exposure
well beyond that necessary to produce the first glowing ignition. On the other hand,
the times to produce a sustained ignition were always much lower for the treated
material than for the untreated material, and the minimum irradiance level neces-
sary to produce ignition was much less.

One final point should be made. The highest irradiance levels measured
on conventional fires are always less than 2-3 cal cm™2 gsec™l, Thus, the largest
differences in sensitivity between treated and untreated materials occur in the
region of greatest interest from the point of view of fire spread, with the freated
material always the more sensitive,

Analysis of Volatile Pyrolysis Products

Summary of the gas chromatography-mass spectrometry results is given
in Tables I and II, In addition to the weight loss during exposure in a helium atmos-
phere for an untreated 100 mg ®-cellulose sample and for an equivalent sample im-
pregnated with 2 mg KHCO3, each table gives the measured weights of various
pyrolysis products and their relative ratios (the ratio of weights of the specific con-
stituent divided by the ratio of total weight change). Table I gives results obtained
after exposure to an irradiance of 4.2 cal cm™~2 gec~l for 2.5 sec (a time inter-
mediate between those necessary to produce sustained ignition in air for the two
materials), Table II gives similar results after exposure to an irradiance of 11 cal
cm~2 gec”! for 1.4 sec (a time somewhat more than the minimum necessary to pro-
duce sustained ignition in air for both materials).

Under conditions of these experiments, pyrolysis of -celluloge gives a
large number of products ranging from the low molecular weight gases to high mo-=
lecular weight tarry materials. As may be seen from the tables, the volatile frac-
tion (boiling point less than about 150° C) includes only about 25% of the weight loss
from the untreated samples but about 50% of the weight loss from the treated sam-
ples. As might be expected, the increased sensitivity of the treated material to
radiant exposure results in a more complete pyrolysis (that is, to a larger fraction
of low molecular weight materials) for the same exposure conditions,

The volatile materials may be broken into two categorieé: gases (boiling
points less than 0° C) and vapors (boiling point 0-150° C), For the untreated mate-
rial, COg and CO constitute >98% of the gas fraction. For the treated material, the

. CO3 and CO components are still quite large, but the other, combustible, gases

show a marked increase, Since the treated samples do not exhibit sustained flam-
ing, while the untreated samples do, this result is more than mildly surprising.

The principal constituent of the vapors is Hy0O, which for both treated and
untreated samples makes up about 80% of the vapor fraction. About 80% of the
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materials in the ""Other Vapors" category in the tables have been idemtified. They ‘
include acetaldehyde,acrolein, acetone, biacetyl, crotonaldehyde, furan, methanol, {
and propionaldehyde, Here, too, some of the results are rather surprising. All ‘
though KHCO3 treatment does not change the relative ratio of most of the vapors,

several constituents, notably acetone and.biacetyl are increased by an order of
magnitude, or more, -

The apparent contradiction between the ignition behavior of the treated
and unireated materials in air and the pyrolysis results in helium, gave impetus to
a detailed study of the temperature behavior of the samples during exposure. Such
experiments have now begun. Although no conclusive results are yet available, it
appears that under ignition conditions in air a treated sample will attain a lower .
temperature than will an untreated sample during an identical exposure, but that in '
helium the treated samples attain a somewhat higher temperature than the untreated 1
samples.

Summary 3 !

. As part of a program investigating the mechanisms of action of fire ex-
tinguishing agents, a study has been started on the influence of potassium bicarbon~
ate additives on the ignition behavior of cellulogic materials. Pure @ -cellulose t
papers and others to which varying amounts of KHCOg had been added were exposed
in air to the intense radiation flux of a refocused carbon arc beam, and the ignition 1
thresholds were determined at geveral irradiances, . Several samples were then
similarly exposed in a helium atmosphere, and the gases and vapors generated were
passed through a gas chromatography~mass spectrometry analytical system,

From the results of this experimental work it is concluded that adding
potassium bicarbonate to @ -cellulose papers prior to radiant heating reduces the
Sensitivity to transient flaming and, furthermore, that sustained flaming may be pre-
vented without adding more than 1, 5% by weight. Such an observation is in complete
accord with the fact that the effectiveness of KHCO3 as a fire extinguishing agent
has been repeatedly demonstrated over the years and is beyond question. Not in
accord with its proven value in firefighting is the fact that the addition of KHCO3 in-
creases the rate and degree of pyrolysis of cellulose to volatile substances, and, as
an apparent congequence, greatly increases the sensitivity to glowing ignition. ]
Further, KHCOj3 treatment markedly enhances the production of gases such as
hydrogen, methane, ethane, and ethylene as well as organic liquids (at room tem-
perature) such as acetone and biacetyl. These seemingly contradictory results may “
be resolved by careful temperature measurements during pyrolysis, and such
measurements have now begun.
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Table I=~Pyrolysis products of untreated a-celiulose and a-cellulose impregnated .
: with 2% KHCO3, both exposed under helium to 4.2 cal cm™2 gec~l for 2.5

- 4
)
. i Weight produced from= ® - . e
Product ! Untreated °  Treated G Raewrind e ' \
' sample sample ' }
(mg. ) (mg.) ‘i
Weight Ioss & ' 22.7 53.7 1 ‘
Total volatiles (B. P, <150° C) 6.2 26. 9 1.8 . ‘t
Total gases (B. P. <0° C) 1.75 7.8 1.9
co, 1..22 4.7 1.6
co 0.53 3.0 2.4 ‘
H, : 0. 003 0.014 2
CH, - 0. 002 0. 030 6 ¢
C,H, ' <0.001 0.026 >10 -
C,H, " <0. 001 0. 046 > 20
Water 4.0 16.5 - 1.8 K

Other vapors (B.P. 0-150° C) 0.48 2.6 : 2.3

3Ori,ginal sample weight = 100 mg.
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Table I ~—Pyrolysis products of untreated @ -celluloge and @ -cellulose ih:preg‘nated

with 2% KHCOj3, both exposed under helium to 11 cal cm™2 sec™! for 1.4

; sec.

}

\( Weight produced from— .

) - Product Untreated Treated Rilié?e

/ sample sample

; (mg.) (mg.)

\ Weight loss & 68, 1 79. 3 1

L Total volatiles (B. P, <150° C) 15.6 38.7 2.1

Total gases (B. P. <0° C) 4.3 13.0 2.6

| co, 2. 54 6.3 2.1
- CO 1.65 5.1 2.6
H, 0.015 0.3 17
CH, 0. 020 0.66 28

, C,H, 0.034 0.51 13

N C,Hy 0. 007 0.19 23

Water 9.5 19.6 1.8

L\ Other vapors 1.8 » .6.0 2.8

4 . iOr_igi.n,:-xl sample weight = 100 mg.
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Surface Flammab*lity of fire—Retardant
and
Conventional Palnt Assemblies

Daniel Gross and Joseph J. Loftus
Natlonal Bureau of Standards, Washington, D. C.
Intreduction

Thée results of a previous study [1] have shown that paints and
other thin coverlngs applied to a flammable base materlal can provide
a new surface of substantially lower flammability than that of the
untreatéd base. Although with coatings of more -than 50 mils. :
(0.050-1inch) thickness the particular base material used did not appre-
clably affect the flame spread index of the assembly, it appeared .
that with thinner finish coatings the base material had an important
bearing on the flame spread results obtained. 1In cases where the
coatlng 1s intended to be applied to a specifled substrate, the sur-
face flammability of the prescribed assembly 1s required. However,
in casés where a particular substrate is not specified and a compara-
tive evaluation of coatings only is desired, a suitable standard
substrate materlal is required.

In choosing a standard substrate for paints, the use of an 1n-
combustlble material such as asbestos cement board would obviously
restrict the range of the flame spread index values-and therefore the
evaluation of the effectiveness of the paint film in reducing surface

. flammability. A study was therefore undertakén for measuring the

surface flammability of a number of conventlional paints and fire-
retardant coatings as applied to common combustible building finish
materials. The prlimary objects of the investigation were:

(1) to evaluate the effectiveness of typical fire-retardant
and conventional. coatings applied to several combustible
substrates at various spreading rates,

(2) to evaluate those characteristics of the 'substrate
materlial which were important in surface flammability
measurements on palnted assemblies, and

(3) to select, if possible, one substrate as a standard
for paint flammability measurements.
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Material and Préparation ’

‘ . Five fire-retardant and three conventional interior paint
finishes were applied to each of four substrates: paper wallboard,
plywood, fiberboard and tempered hardboard. The coatlngs were
applied to the smooth finished side of each substrate. Table 1
lists and briefly describes the substrates and Table 2 gives the
schedule employed in the preparation of these test assemblies. With
the exceptlon of coating systems 7, 7a, and 7b, the effectlve sprsad-
ing rate employed in_the preparation of the assemblies was 125 ft</gal
(two coats at 250 ftz/gal . This rate, unusually heavy for conven=-
tional paints, was fairly representative of the spreading rates
commonly used and recommended for fire-retardant coatlngs. The paints
consisted of two alkyd flat paints (Nos. 3 and 8), one latex water
emulsion paint (No. 6), four fire-retardant paints (Nos. 1, 2, 4, and
5), and one coating system consisting of an intumescent fire-retardant
main coat plus a supplemental top coat (No. 7). The fire-retardant
paints selected were typical proprietary materials.

Table 1
' Substrate Materials

Symbol Substrate Thickness Density
' in. 1b/cu ft
A Paper Wallboard-Factory Finished
. One side . 3/16 35.0
B  Plywood-Douglas Fir,exterior grade 1/4 39.0

C Fiberboard-Interior Insulating
Beard, Class D (factory-

finished) 1/2 19.4
D  Hardboard- Tempered /% 67.6
E. Hardboard- Tempered /% 55.1

The first step in preparing the test assegblies was to coat the
substrate boards, at a spreading rate of 450 ft</gal, with a white
pigmented primer-sealer conforming to Federal Specification TT-P-56.
After 72 hours the primed substrates, wilith the exceptlon of those
reserved for coatings 7, 7a and 7b, receilved two coats of the paint
under test at 250 ft2/gal per coat, allowing 72 hours between'coats.
Sample 7 consisted of a flat fire-retardant main coat at 250 ft2/gal
plus a supplemental gless fTire-retardant top coat at 250 ft2/gal.
Sample 7a Teceived only one main coat at 350 ft2/gal. Sample 7b was
coated in the same manner as sample 7 but with spreading rates of
350 ft2/gal and 500 ft2/gal for the maln and top coats, respectively.
The coatings on samples 7, 72 and 7b were purposely varied to study
the effect on flame spread behavior of different rates of spreading
of the same paints. .

o« -
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In another study of the effect of sbreadin rate, one flat alkyd
(No. 3)and one latex water emulsion type (No. 6) were applied to a

tempered hardboard substrate (E). The rates and film thicknesses {
are given in Table 3. These paints were applied directly (without ‘
primer-sealer) to the smooth substrate surface in a sufficient number

of coats to obtain the desired effective spreading rate, allowing f
24 hours between coats. » '

Table 3. Spreadiﬁg Rates and Film Thicknesses for Two
Conventional Paints Applied to Tempered Hardboard
Substrate (E)

Number Effective Paint Film Thickness |
of Coats Spreading : ‘
Rate Computed* Measured** !
ft</gal wils mils _ {
1 900 0.6 0.3 s
1 500 1.1 1.2
1 250 : 2.1 1.6
2 125 k.2 T «
3 60 : 8.8 8.9 .
6 30 18. 21. \

* 530 divided by effective spreading rate; based upon 1
one~third nonvolatiles by volume. :

** Average for paints 3 and 6, based upon microscope
measurements across smooth-sanded edge surface.

. After the application of the finish materials, the assemblies
were dried for not less than 72 hours and then cut to produce five
specimens, each 6 by 18 inches. The specimens were then dried in
an oven at 160°F for 24 hours and again conditioned, in a room main-
tained at 73°F and 50 per cent relative humidity, for not less than
one week prior to testing. An alternate drying procedure, 2% hours
at 140°F, was used for half of the test specimens prepared for the F
spreading rate study. However, no appreciable difference in the
test results could be attributed to the effect of the slightly dif-
ferent drying procedure. :

Test Prccedure

The apparatus used for the tests is shown in Figure 1, and has
been described in detail [2, 3]. It consists of a radiant panel, a
frame for support of the test specimen, and associated measuring
equipment.

'
{
i
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The radiant panei consists of a cast lron frame enclosing a
12- by 18-inch porous refractory material. The panel is mounted in
a vertical plane, and a premixed gas-air mixture supplied from the

‘rear 1s burned in intimate contact with the refractory surface to

provide a radiant heat source. The energy output of the panel,

. which 1s maintained by regulating the gas flow according to the in-

dication of a radiation pyrometer, is that which would be obtained
from a black body of the same dimensions operating at a temperature
of 670°C. A stack placed under the hood above the test specimen
receives the hot products of combustion and smoke. -

For test, the 6- by 18-inch specimen was placed in a metal
holder and backed with a 1/2-inch sheet of asbestos millboard of
60 pound per cubic foot density. At time zero, the specimen was
placed in position on the supporting frame facing the radiant panel
and inclined 30 degrees to it. A pilot igniter fed by an air-
acetylene mixture served both to initlate flaming at the upper edge
of the test specimen and to ignite combustible gases rising from the
specimen. Observations were then made of the progress of the flame
front, the occurrence of flashes, and so forth. An eleéctrical timer
calibrated in minutes and decimal fractions to hundredths was used
for recording the time.of occurrence of events during the tests. The
test duration was 195 minutes, or untll sustained flaming had traversed
the entire 18-inch length of the specimen, whichever time was less.

The flame-spread index, Is was computed as the product of the
flame spread factor,-Fs; and the heat evolution Q, thus

I, =FQ
where: ’
1 1 1 1 1
F =1+ + + + = + =
s 53 %ty Tty Fiotty  tisttpn

The symbols t3. . .t15 correspond to the times in minutes from speci-

men exposure until arrival of the flame front at a position 3. . .

15 inches, respectively, along the length of the specimen. Q=0.1A8/B,
where 0.1 1s an arbitrary constant, A6 1s the observed maximum stack
thermocouple temperature rise,in degrees F, at any stage of combustion
of the specimen minus the maxlimum temperature rise observed with an
asbestos-cement board substituted for the specimen, and B is the slope
of the line obtained by plotting the maximum stack thermocouple tem-
perature rise as a function of the corresponding measured heat input
rate, in Btu per minute, as supplied by a diffusion-type gas burner
placed near the top of an ashbestos-cement board specimen during normal
operation of the radiant panel. .
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‘Results and Discussion

A minimum of four replicate tests were run on each test assembly.
The mean flame spread indices and the coefficients of varlation are
listed in Tables 4 and 5. The weight of the smoke deposit listed is
the mean for replicate tests. Although not directly related to sur-
face flammability, the smoke deposit 1s considered to be an indication
of possible parallel hazards, such as toxicity and the interference
to be expected in evacuation and fire-fighting procedures. The smoke
deposit values represent the contribution of both the coating and
substrate materials as evidenced by the somewhat higher mean smoke
deposits for coatings on hardboard (D) than on the other substrates.
The fire-retardant coatings tested did not produce significantly
greater smoke deposits than the conventional paints.

Intumescence was exhibited by paints 1, 7a,and 7b. Paints 2, &,
6,and 7 blistered, whereas the alkyd paints 3 and 8 did not blister .
or intumesce. Paint 5 flaked off from the substrate during test.
Blister and intumescent formations were responsible for a wide varia-
tion in flame spread indices for the paints which exhibited these
properties. .

Of the four substrates used, the plywood and the hardboard .
showed the widest range in flame spread index values, affording good
opportunity for discrimination between coatings. The hardboard
values, however, had lower coefficients of variation than the ply-
wood values, and mich lower than those obtained with the other two
substrates. Consldering the results obtained with the hardboard,
the conventional paints 3, 6, and 8 appeared to be comparable to the
fire-retardant paints 1, %, and 5, when applied to this substrate at
the same effective spreading rate of 125 ft2/gal. The intumescent
fire-retardant coating, 7a, showed both the lowest flame spread index
and the lowest smoke deposit value of any of the coatings.

At effective spreading rates of 250 ft2/gal or greater, the
flame spread index was found to be strongly affected by the spréading
rate as shown in Figure 2. One coat of a flat alkyd paint applied
at a rate of 250 ftd/gal reduced the flame spread index of a tempered
hardboard substrate by a factor of almost 5. Similarly, a coat of a
latex paint effected a more than three-fold reduction. For film
thicknesses greater than those corresponding to 250 ftz/gal, the
additional improvement in flame spread index was quite small. The
effect of very thick films, such as might be encountered on surfaces
frequently repainted, was not investigated.- It is possible, however,
that a higher flame spread index might result from the formation and
disintegration of blisters, from cracking, peeling or other separa-
tion from the flammable substrate, or by the direct involvement of
the thick paint layer.

The effect of paint thickness upon surface flammability proper-
ties refers only to typical combustible cellulose-base substrates in
co%tiast to non-combustible substrates such as plaster, concrete or
metal.

N
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Table 5. Mean Flame Spread Index of Two Conventional Paints at ;
Varying Spreading Rates Applied to Tempered Hardboard 2

Effectivé ’ Mean Coeff. Mean {
Spreading Number Flame Spread of Smoke g
Paint Rate of Tests Index Variation Deposit

ftz/gal : ' per cent mg
Uncoated ' q
Substrate 4 116 8 2'% ‘
900 L 58 13 2.4 ;
Alkyd 500 S 52 11 2.4 e
Flat 250 L c 2k l& 2.7 ;
No. 3 . 125 L 20 2.4 '
60 e 13 8 2.4 q
30 5 27 77 1.7 )
1900 | lt 9k 2 2.6 L
500 Z 30 25 2.0 |
Latex 250 35 9 1.8 4
No. 6 . 125 L4 2 24 2.0 !
60 5 37 10 2.7 <
30 5 32 91 3.4 {
In another study, in which non-flammable substrates were used, i

it was found that the flame spread index increased with increasing
thickness of a palnt coating applied on steel sheet. For example,
the flame spread index of a No. 18 gage, red lead primed steel sheet
had values of 1, 7, 69, and 110 for oil-base pailnt coatings of 5, 10, {
15, and 20 mils, respectively. An assemblyof 2l0 mil coating of the

same paint applied to 1/8-inch thick asbestos-cement board had a
flame spread index of 2. Thus it appears evident that the flame
spread behavior of coatings applied to either flammable or non-
flammable substrates depends not only on the type and thickness of !
the paint film but also on the characteristics of the substrate.

. oA

For a conventional paint, such ag flat alkyd (No. 3) applied at
an effective spreading rate of 125 ft</gal, the ratio of the flame
spread index of the palnted assembly to that of the substrate was
found to be related to the density of the substrate material. The
effect at other spreading rates was not explored. As shown in
Figure 3, this paint was most effective on the low density fiberboard
substrate. A majority of the other paints tested were also most .
effective on the low density substrate. However, for critical evalu-
ation of a paint for fire-retardancy, the burden of effective per-
formance should be placed upon the paint without ascribing to the
paint undue advantage resulting from the properties of the substrate.

For this reason, tempered hardboard is considered a more suitable
substrate.
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An analysis of the data was made to provide a statistical

) measure of variability. Particular attention was directed toward

¥ evaluation of the substrate materials both from the standpoint of

) (a) selection of a standard material for paints and other ligquid

b} coatings and (b) interpretation of previous and subsequent flame
spread data on coated assemblies employlng a variety of substrates.

The ‘analysis showed that although the wallboard and fiberboard
substrates gave a more consistent behavior of dispersion about the
mean than the plywood and hardboard substrates, the coated hardboard
assemblies did exhibit:

b
P a. A substantial range of flame spread index values for
} the coating materials, and

A b. The lowest coefficients of varlation.

; It should be noted that considerable variation was observed in
the rankings of the coatings on the four substrates. In-addition, -

’ the coefficlents of variation were considerably higher than those

! obtained in an earller investigation of conventional paints on the

same or similar substrates [1]. This is not unreasonable when con-

f sideration is given to the speclal types of coatings and rates of

’ application employed here. Inasmuch as the hardboard did result in

! the lowest coeffilcient of variation and provided a substantial range

’ of flame spread index values for the coating materials tested, its

) choilce as a standard substrate 1s indlcated.

, Conclusions

On the basis of the work reported, the following conclusions
seem Justified:

1. Tempered hardboard may be considered a suitable choice .as a
standard substrate for evaluating the fire-retardant effectiveness :
of paints and other thin surface coatings. Of the substrates studied,
it gave results wlth the lowest coefficient of varlation, provided a
substantial range in flame spread index values for the coating mater-
lals tested, and placed the burden of effective performance upon the
paint under test. ’

2. The fire-retardant effectiveness of paints and other coat-
ings 1s highly dependent upon the effective spreading rate of the
palnt and on the type and density of the substrate material, as well
as on the coating composition and the undercoat-overcoat combination
employed. Coatings of latex and flat alkyd paints applied to a
tempered hardboard substrate at an effective spreading rate of
250 f£t2/gal reduced the flame spread index of the uncoated substrate
by factors of 3 and 5, respectively.

v
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3. In general, conventional paints of the flat alkyd and
latex emulsion types tested, when applied at the heavy rate common
for fire-retardant ccatings, appear to have flame spread indices
comparable to those of the fire-retardant coatings. However, one
intumescent fire-retardant coating showed a flame spread index
significantly lower than that of any other tested.

Acknowledgements

Mr. Neil B. Garlock of the National Paint, Varnish and Lacquer
Association, Inc., took a strong Interest 1n the work and kindly
provided all the paint coating systems. Mr. Harry Ku of the Sta-

tistical Engineering Sectlon, National Bureau of Standards, made
the statistical analysis.

References )
(1) _ Gross, D., Loftus, J. J., Flame Spread Properties of Building

. Finish Materials, Am. Soc. Testing Mats., Bul. No. 230, 56-60,

May 1958.
(2) Interim Federal Standard No. 00136 (Comm-NBS) July 31, 1959

(3) Robertson, A. F., Gross, D., Loftus, J. J., A Method for Measur-
ing Surface Flammability of Materlals Using a Radiant Energy Source,

Proceedings, Am. Soc. Testing Mats., 56, (1956).

- - e

o

o i e

N
P

.\

- o o -




) D

133.




MEAN FLAME SPREAD INDEX

184,
120
ol
o - e :
_ TEMPERED HARDBOARD SUBSTRATE
80 \ '
\\X\ ' : o LATEX
40 : S § 4 — —
\ D i " - -
O\ ) e o
LALKYD : : A
20 N N At A
: i e A _
5 EFFECTIVE SPREADING RATE,ft%gal
o sqo(fo 250. 125 ) . 160 | | 30
o} 2 4 6 8 10 12 14 6 18

COMPUTED THICKNESS OF PAINT FILM,mils

FIG.2- EFFECT OF PAINT FILM THICKNESS ON MEAN FLAME

020 -
——-‘—‘A'

P
5 Y

§ ) Q.15 v

wn| o /

5|3
olE

3|2 o0 /

8|2 Ve X
5|35 FLAT ALKYD PAINT-125 ft7gal

'] s

o 005

Z

m .

% 6 20 30 a0 50 60 . 70

SPREAD INDEX FOR TWO CONVENTIONAL PAINTS

DENSITY OF CELLULOSE-BASE SUBSTRATE, [b/ft>

| FIG.3-EFFECT OF SUBSTRATE DENSITY UPON
’ FLAME SPREAD INDEX RATIO .




T

S5 wididie ool

2

2

- DETGNATICN AND SUPPRESSICN OF DETONATICN
IN FUEL-AIR MIXTURES AT ELEVATED PRESSURES 18s.

by Thomas F, Seamans and Hans G, Wolfhard

Thiokol Chemical Corporation
Reaction Motors Division.
Denville, New Jersey

INTRCDUCT ION

Gaseous detonations have been studied extensively
and our basic knowledge of pressures in the detonation
wave, its velocity and detailed structure is extensive,
However, there is no way of predicting under ‘what
conditions a detonation rather than a deflagration will
be established, This is no particular concern in
fuel-oxygen mixtures as a detonation usually forms from
a deflagration after a very short time period and
distance from the ignition source. Fuel=-air mixtures
in contrast have seldom been observed to detonate
although one would expect that given large and long
enough vessels eventually detonation will occur, This
has, in fact, been observed in natural gas and air
mixture, where a detoration developed even at 0.4 atm
initial pressure in tubes of 61 cm diameter and ’
92 meter length (ref. 1). :

Detonations and the resulting high pressure peaks
are a danger in many industrial applications, This
experimental investigation was undertaken to assess -
the dangers of detonations or very high pressure peaks
in large volumes containing fuel-air mixtures., Of
special interest was the possibility of arresting
detonations or deflagration by spraying into the tube
large amounts of water, It was the original intention
to conduct all experiments in a tube of 24,6 cm diameter
and $9.45 m length that was designed to withstand high
pressure, However, after initial experiments that lead
to extremely high pressure peaks, it was decided to use
this large tube for experiments at one atmosphere initial
pressure only and to conduct detonation experiments at
initial pressure higher than one atmosphere in a tube
of smaller diameter but the same length as the large
tube.

The experiments fall roughly into four categories.
A. Pressure dependence of fuel=-air detonations,

B, Comparison of the onset of detonation in the
large and small diameter tube,

C. The occurrence of autoignition in the large
tube,



D. The influence of water curtains on explosions
and detonations.

In A it was our intention to see whether fuelw-air
mixtures detonate at high pressure in systems where
-detonations do not occur at one atmosphere. Initial
pressures were therefore raised up to 40 atm, '

In B a comparison between the large and small
diameter tube was made, - As fuel=air mixtures did not
detonate at one atmosphere initial pressure in either
tube oxygen enrichment was used to induce detonation
and the oxygen index was taken as measure for the ease
with which a mixture would detonate,

In C a study was made of the very high pressure

peaks that occur in regions where detonation is marginal.

These peaks will be seen to be due either to pressure

piling or autoignitions induced by forward or reflected
shock waves,

In D the effectiveness of water curtains was
investigated., These experiments were done in the large
tube with oxygen eanrichment.. The sprays covered the
whole cross section of the tube and the amount of
injected water was extensive,

The instrumentation was restricted to high=-speed

pressure measurements, This allowed a full analysis of

the pressure history in the tube but gave only indirect
evidence of the position of the flame front, Surface
thermocouples were tried to get this additional
information but were not too successful, no doubt due

to the fact that the flame front during the deflagration
stage was highly turbulent and clear signals were not
received, except when a detonation had been established.
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EXPERIMENTAL APPARATUS

Two closed tubes of approximately the same length
were employed in this investigation., A large tube,
24,6 cm in diameter, was used for the bulk of the tests
at initial pressures of one atmosphere and for all tests
in which water was injected into the path of a
deflagration or detonation. A small tube, 28 mm in
diameter, was used principally for tests at elevated
initial pressures., Both tubes were squipped to accept
piezoelectric pressure gages at various positions along
the walls of the tubes. The locations of these stations
and of the water injection ports are given in Table I
and diagrammatically in Figure 1. Free stream pressures
were measured with as many as eight Kistler SLM PZ 6
miniature pickups whose signals were displayed on
oscilloscopes and recorded photographically.
PC 6R Piezo=-Calibrators were used with four of the
pickups; PT 6R Amplifier-Calibrators were used with the
other four, With the Amplifier-Calibrators, the

~response of the pickups is 150,000 cps; with the Piezo-

Calibrators, the response is somewhat less, For tests
in the smaller tube, adapters were necessary to extend
the range of the gages to the much higher pressures
produced by detonations at elevated initial pressures.
These adapters reduce the response of the more sensitive
gages to approximately 50,000 cps but have little effect
on the response of the others,

Two four-beam oscilloscopes displayed- the pressure
signals and two high speed (1.53 meters/sec) streak
cameras recorded them. A drum camera (12.7 meters/sec)
was used for a very few tests but, though it provided
more accurate wave velocity determinations, it was not
possible to use the faster camera generally, The reason
is that a history of the reflected waves was sought as
well as of the incident. wave and this would have
resulted in double exposure of at least a part of the
film, Consequently the Fairchild cameras were usasd in
almost all of the runs. One millisecond timing blips
were superimposed on the pressure traces, providing a
time scale., A coil around a lead to one spark plug

(see below) gave a signal, displayed on the oscilloscopes,

indicating the capacitor discharge and therefore the
start of a run on the film,

Considerable difficulty was encountered in
attempting to load to one atmosphere the 2,130 liter
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volume of the large tube with a known uniform mixture

of explosive gases., The first method was based on
loading the previously evacuated tube by partial
pressures and then mixing the gases with a blower in an
external recirculation line,. This method was found to
be unsatisfactory due to the time required to achieve
even a semblance of adequate mixing and due to air
leakage into the system at the blower shaft during the
long mixing times.

A revised system proved satisfactory and all tests
discussed herein employed this system. In essence, the
method was based on filling the vessél with the
component gases premixed externally in the desired
proportions in the flow system.

The large tube was evacuated to approximately
5 c¢m Hg absolute with an air ejector. The desired
flowrates of air, oxygen (if required for the particular
run), and fuel (methane, ethylene, or hydrogen) were
established using calibrated orifices in which the flow
wa$é maintained critical. The three streams joined in a
"mixer” from which one stream emerged at a pressure only
slightly above amkient, This stream was vented to the
atmosphere while the flows were being established; it
then was allowed to flow into the large tube while the
air ejector remained in operation. After a purge at
low pressure for several minutes, the tube was permitted
to fill to one atmosphere with the premixed gases.
Samples of the final mixture. in the tube and also of
the emerging stream from the mixer were taken and
subsequently analyzed by Orsat.

Ignition of the mixture at one end of the large
closed tube was ensured by the use of three surface gap
spark plugs, each with an independent capacitor circuit.
The energy to which each capacitor was charged in all
runs was 18 joules,

Loading of the 28 mm tube for initial pressures of
up to 40 atmospheres was achieved in the following
manner., A large tank was loaded with the desired gas
mixture to one atmosphere in the same manner as the
54,6 cm tube {discussed above). The mixture in the
large tank was then forced by water into the 238 mm
tube. By this method, the tube was prepared for tests
at initial pressures of from one to 40 atmospheres,
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\ ‘ Ignition of the gas mixture in this tube was

‘ : accomplished by the discharge of a capacitor (18 joules)
across a surface gap spark plug similar to those used
in the 54.6 cm tube, ‘ :

Water injection into the 54,6 cm tube was through
. three poppets located on a spiral on the tube

. circumference, The distances between the spark plugs
- ' and the three spring loaded water injectors, which

produce fine sprays, are given in Table I, For the
" .- runs with .water injection, a 100 gallon tank was filled
prior to the run, With a suitable delay mechanism,
high pressure nitrogen was admitted to the water tank,
forcing the water through the three poppets in the tube
just prior to the spark. The delay period between water
flow initiation and the capacitor discharge could be
varied as desired.
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RESULTS - - r

High Pressure Data

In a closed steel tube 38 mm in diameter and
9.15 meters in length, a number of tests were made with
fuel-air mixtures at initial pressures of 1 to ‘
40 atmospheres absolute. The principal fuels employed "
were hydrogen, ethylene, and methane. For these tests,
only mixtures of approximately stoichiometric '
proportions were used, -

ps

In no case was a detonation observed in any
methane-air run. Even at the highest initial pressure
tested, 40 atm, the wavelike pressure fluctuations
within the. tube were rounded. The maximum pressures
recorded at any station for these methane-air runs were
only two to three times the initial pressure.
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 Quite different results were obtained with the
hydrogen-air and ethylene-air mixtures. For these
mixtures, pressure ratios of about 15 for the former
mixture and more than 20 for the latter mixture were
recorded in some runs (Table II). These pressure
ratios were caused by detonations, Pressure, however,
could not be the sole criterion on which to base the
description of the type of combustion, Average
velocities of the pressure pulses between various {
stations along the tube-axis provide a better basis.
The average velocities are plotted in Figures 2 and 3
for the hydrogen-air mixtures and the ethylene-air
mixtures respectively. These velocities were computed:
from the measured time interval for passage of the
pressure pulse between two successive stations at which
the piezoelectric gauges were located. The average
velocities so computed are plotted against distance
from spark to the mid-point between the two appropriate :
stations as abscissa.

Two distinct regimes are evident in Figures 2 and 3;
the lower corresponding to deflagrations or pressure
pulses resulting from deflagrations, the upper to
detonations, Clearly, detonations form in hydrogen-air
mixtures at 6 atm initial pressure or above, For the
ethylene-air case, 20 atmospheres appears to be the
marginal initial pressure at which a detgnation generally
forms. Below 20 atm, detonations were not observed
within the tube length.

-



The occurrence of a detonation is readily evident
from Figures 2 and 3. However, they are misleading with
regard to the location of the onset of detonation. The
pressure-time records show that in those runs in which
a detonation occurred, it was formed between stations 1
and 2 in every case. The pressures due to the incident
© wave passing station 2 are at least 10 times -the initial
pressure in all "detonation" runs as opposed to a
maximum factor of 3 for the hydrogen-air "deflagration"

runs and 7 for the CoHy-air "deflagration" runs '
(Table II). Additional evidence indicating detonation
onset was between stations 1 and 2 is the fact that the
records show the rate of pressure rise at station 2 was
essentially infinite, as at succeeding stations, in
detonation runs. In deflagration runs, on the other hand,
"the pressurization rates throughout were finite except
at the far end of the tube where discontinuities of low
amplitude were recorded, In hydrogen-air detonation
runs, furthermore, no precompression of the unburned

gas was observed at station 2 or at stations 6, 7, and 8
prior to the arrival of the pressure discontinuity,

For the ethylene-air detonation mixtures, slight
precompression at station 2 (from 20 atm initial
pressure to about 28 atm) was recorded.

It should be mentioned that the average velocities

for the intervals between stations 6 and 7 and also
7 and 8 lack precision mainly for two reasons, These
intervals are 0.5 meters in length., For the highest
velocities, therefore, the time differentials for
traversal of the intervals by the flame front are of the
order of 10°4 seconds or, for the camera employed,
tenths of a millimeter of film. In addition, very high
- frequency oscillations were recorded at stations 6, 7,
and 8 in many of the runs, particularly those in which
detonations occurred. The amplitude of the oscillations
prior to arrival of the detonation wave was generally
very small; nevertheless, the precise instant of wave
arrival was sometimes difficult to determine at

stations 7 and 8, For these reasons, the average
velocities between stations 6 and 7 and also 7 and 8 are
subject to an error of up to 40¥% in runs in which
detonations occurred, However, for the station 2 to
- station 6 interval, a distance of 4.5 meters, the
average velocities are subject to an error of only about
5%.

The oscillations at 6, 7, and 8 referred to above
made pressure determinations at these stations highly
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‘questionable in many cases. No values, therefore, are
given for these locations in a number of runs., In some
cases, a value 1is glven preceded by the symbol "a¥ to
denote lack of precision due to .the presence of the
oscillations.

In several runs, one or more pressure traces went
off the film. In these cases, the symbol ">>" has been
used in the tables before the number which corresponds
to the maximum pressure able to be recorded 'at that
station in the particular run. The true pressure may
have been only slightly greater, or con51derably

' greater, than the value reported.

Compirlson_of Detonation Runs in the Two Tubes

A series of tests were made at one atmosphere
initial pressure in each of two closed tubes of )
approximately the same length., The large tube is -

54,6 cm in diameter, the small tube 38 mm in diameter.
The tests used fuel-air mixtures enriched with oxygen

in approximately stoichiometric proportions., To
describe the degree of air enrichment with oxygen, the
parameter oxygen index is employed. Oxygen index is the
. ratio of moles of oxygen to moles of oxygen plus
nitrogen, For air, O.I. = 0.21.

The results of the runs show that detcnations are
formed at lower oxygen indexes in the smaller (38 mm)
tube, Table III presents the minimum oxygen indexes
of approximately stoichiometric mixtures supporting
detonations in each tube. The next lower oxygen indexes
tested are also included. The significance of
"autoignitions" reported in the table for some runs in
the larger tube will be discussed in the next section.

Tables IV and V present pressure and velocity data
of the incident waves for runs in the 38 mm tube and
54,6 cm tube respectively. Only runs in which detonations
were formed are included for in these rtuns only could the
location of the flame front at any instant be determined
from the signals of the piezoelectric gauges. Runs in
which water was injected into the path of a detonation

wave areé not given due to the 1nteract10ns of the water
curtain with the wave,

A comparison of the tables leads to some interesting
observations., Practically without exception, the
pressure due to the incident waves are higher in the
larger tube. For the cases of hydrogen and methane, one
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might say this fact is due to the higher oxygen indexes
in the larger tube. Surely, this is one consequence of
a greater oxygen concentration necessary to induce
detonation., However, the ethylene runs in each tube
include similar oxygen indexes; and here also are found
‘the higher pressures in the larger tube, regardless of
which stations in each tube are compared.

The two tables also indicate that at least some
degree of precompression occurred at some stations in
the large tube prior to arrival of a detonation wave,
No such pressure rises waere recorded for the runs in
the smaller tube., This, however, cannot preclude :
entirely the non-existence of precompression because of
the reduced sensitivity (up to-1/5th) of the gauges in
the smaller tube, necessitated by the fuel-air tests at
higher initial pressures,

In addition to the pressure data, Tables IV and V
give the average velocity of the flame front as it
passes between various pairs of stations., From Table I,
Locations of Stations, the distances between the spark
and station 9, stations 9 and 10, and stations 10 and 11
in the larger tube are comparable respectively, to the
distances between the spark and station 6, stations 6

-and 7, and stations 7 and 8 of the smaller tube. The

average velocities in these regions are plotted in

Figures 4, 5, and 6 for the hydrogen, ethylene and methane
runs respectively., It is evident from these plots that
the average velocity of the flame front as it traverses
the first 80% of the tube length is greater in the

smaller tube for similar .runs with the same oxygen

index. For example, the average flame velocity in an

‘ethylene run with an oxygen index of 0,37 was

722 meters/sec between the spark and station 6 in the
smaller tube and just 380 meters/sec in the comparable
distance in the larger tube. This trend is to be
expected, however, as it leads to the prev1ously stated
fact that detonations are formed more readily in the
smaller tube.

Further examination of Figures 4-6 indicates that
the average velocity of the detonation wave in the
subsequent 0,5 meter of the tube length is greater in
the larger tube than in the smaller tube, Referring
dgain to the ethylene runs with an oxygen index of 0.37,
the average velocity between stations 6 and 7 in the
small tube was 1670 meters/sec as opposed to 2270 meters/sec
in the comparable region %n the larger tube. .

T



The data indicates, then, that for similar mixtures
supporting detonations in each tube the average velocity
of the flame front is greater in the smaller tube over
the first 8 meters and then lower in the subsequent
0.9 meter distance. This is to be expected because the .
induction distance was found qualitatively to be shorter
in the smaller tube than in the larger tube for the same
test mixture. Consequently a stable detonation velocity
would be approached earlier in the smaller tube; whereas,
in the same region of the larger tube, the detonation
velocity would-still be significantly in the overdrlven
mode. .

Occurrence of Autoiqnitions under Marqinal COnditiéns

In addition to the deflagration and detonation:
processes on which the present work was based, a third
phenomenon, -termed autoignition, was observed in some
runs in the 54.6 cm tube only., Invariably, the process
occurred in the downstream end of the closed tube in the
region of the conical frustum (Figure 1)}. In general,
the phenomenon was observed in runs in which the oxygen
index was between those supporting deflagrations and.
those forming detonations. Pressure disturbances from
the accelerating flame front in such runs.are
comparatively strong. In fact, shocks were recorded in
all "autoignition" runs just prlor to the occurrence of
the phenomenon.

The events leading to the autoignitions in all
twelve such runs with the three different fuels can be
classed as one of three types:

1. Double shocks of low strength which pass down
the tube, are reflected, pass up the tube, are again
reflected, merge into one shock, and pass down the tube
for the second time. A second reflection at the
downstream end of the tube, i.e., the region of.the
conical frustum, may or may not occur just prior to the
large pressure "kick" of the autoignition, This
mechanism was observed clearly in two ethylene runs and
one methane run. All three runs had the lowest oxygen
indexes for a particular oxygen-fuel ratio of any runs
in which autoignition occurred. Table VI shows that.
the two ethylene runs of the type under discussion had
compositions of O.I. 0.29 with O/F = 2.3 and
0.I. = 0.37 with O/F 4,6, The methane run was for
0.I. = 0,3% with O/F 2.1. All runs with these fuels
under conditions of similar oxygen-fuel ratios and lower
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oxygen indexes resulted in deflagrations only.

2. Double shocks whose strengths are somewhat
greater than those discussed above (i.e. pressure ratios
of ~» 2,5 vs,~1.8). In this case, the first shock of the
pair is reflected at the downstream end of the tube and
is.then met near station 12 by the second shock traveling
downstream, This mechanism was observed in four runs as
indicated in Table VI.

3. A single shock of greater strength (pressure
ratio~ 3,5). Here, no reflected wave was recorded at
station 12 prior to the sudden large pressure kick of
the autoignition. Five runs exhibited this behavior.

Table VI indicates that the last two mechanisms

occurred indiscriminately at oxygen indexes above those’
of (1) above.

The fact that the first large:pressure "kick”
appeared at station 12 in all runs is significant.
Furthermore, the station 12 pressure-time trace recorded
one or more small shocks, as described above, just prior
to the sudden, large pressure rise, Consequently, the
autoignitions occurred between station 12 and the end-
flange in all cases. In a few cases, the phenomenon
occurred practically at station 12. Here, the sudden
pressure rise was not in the form of a discontinuity in-
the trace; rather, the trace showed a continuously
increasing slope from essentially zero. to infinity,

This rounded nature of the trace corresponds to the
period of rapid but finite build-up from ignition to
nearly instantaneous explosion of the compressed
mixture,

In the majority of runs, however, even the first
large pressure kick, which was always recorded at
station 12, was in the form of a discontinuity. In
these runs, then, ignition occurred sufficiently
downstream of station 12 to allow the resultant detona-
tion wave, traveling upstream to overtake the pressure
disturbances of the building-up process. The trace at
station 12, therefore, recorded a discontinuity due to
the resultant overdriven detonation wave. Although
precise determinations were limited by the time
resolution of the streak camera, an approximate average
velocity of the overdriven detonation wave between.
stations 12 and 9 was 3000 meters/sec. The computation
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does not reflect the possibility that the overdriven
detonation wave, traveling upstream, might enter before
reaching station 9, the burned gas region behind the
flame front propagating downstream from the spark
ignition source, '

The most striking effect of the autoignitions is
the very high pressures generated from initial pressures
of one atmosphere, These pressure peaks are greater by
a factor of 2 or 3 than the pressures recorded in
detonation runs due to the incident detonation wave
traveling downstream. Pressure peaks of approximately
80 atmospheres were recorded in two methane runs due to
dutoignitions (Table VI).

Water Injection Tests

Several tests were made in the 54,6 cm tube with
water injected into the path of a deflagration or
detonation. Three poppets were used as injectors,
producing a fine spray. The distances between the spark
and the three water injection ports are given in Table L.
The ports are located 120° apart on a spiral on the tube
circumference, Each spring-loaded water injector has
spray shields suitably oriented such that the major axis
of the resulting elliptical hollow spray is normal to
the tube axis. Since the angle of upstream penetration
is approximately 20°, an atomized water curtain was
produced whose thickness was more than 36 c¢cm, Generally,
the total water flowrate in each run was 51 kg/sec. ’

The presence of the water curtain had two principal
effects. It either prevented ignition of the combustible
mixture by the spark, or it slowed propagation of the
flame front.

In nearly half of the runs made with water
injection, no pressure rises were recorded and no

audible evidence of an explosion was heard. Nevertheless,

the capacitor discharge signal was recorded indicating
that a spark did occur. It is believed that although a-
spark occurred, the mixture failed to ignite due to the
presence of much water vapor and/or droplets in the
immediate vicinity of the spark plugs. Qualitatively,
the amount of water, for constant inlet flowrate, in the
form of vapor and/or droplets in the immediate vicinity
of the spark plugs may be expressed by the time delay
between initiation of water flow and the discharge of
the capacitors. This delay period was necessary due
partly to the velocity of a flame and partly to the fact
that up to 0.10 second elapsed between the beginning of
flow through the poppets and attainment of steady state
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flow., The delay period, &t, is included where known for
the appropriate runs in Table VII. In general, the
longer the delay period, the more likely ignition will
not occur, However, runs 120, 1320, and 133 (Table VII)
are exceptions. It should be emphasized that the

records indicate the combustible mixtures failed to
ignite in such runs, There was no indication that
combustion occurred in the tube section between the spark
and the water curtain., The pressure records of station 2,
which is located in this section, showed no pressure-
rises. In a few of these runs a surface thermocouple,
whose response is equal to that of the pressure gauges,
was located at station 1., The thermocouple, too, gave

no indication of combustion in the tube. between the

spark and the water curtain. It must be inferred, then,
that the injected water in no case extinguished a flame
already established; rather, the water prevented ignition
in such runs,

The second principal effect of the water curtain
was to delay the propagation of a deflagration or
detonation., Figures 7, 8, and 9 illustrate this fact
graphically. High freguency cscillations which were
generally recorded at each station after passage of a
detonation wave have been omitted from the figures for
purposes of clarity. These oscillations were usually of
relatively low amplitude though occasionally they
obscured, to some degree at least, subsequent pressure
pulses. The reflected waves (see below) at station 12
of Figure 7 and at station 9 of all three figures were
so affected and consegquently their representations are
less precise. '

As indicated in Table I, the three water injection
ports are located between stations 2 and 3., From
Figures 7 and 8 especially, it is evident that the
water curtain attenuated the shock recorded at
station 2, If it is assumed that the first pressure
disturbance recorded at station 3 (Fig., 7) is due to
the shock at station 2, then the average velocity of
the wave between the two stations is about 200 m/sec.
Clearly, the water curtain not only attenuated the
shock but also caused the wave to travel at an
apparently subsonic velocity, The pressure traces at
stations 4 and 9 give evidence that a flame emerged
from the water curtain and subsequently accelerated to
form a detonation between the two stations. The second



peak at station 9 is due to the wave traveling upstream
after being reflected off the closed downstream end of
the tube, The reflected wave is seen at a later time '

at station 4, than at 3 and finally at 2. Between
stations 3 and 2, the reflected wave was again attenuated
as it passed through the water curtain,

Because a detonation was formed between stations 4
and 9 in this run, the double peaks, recorded on the
station 4 trace between the incident and reflected waves,
are believed to be due to a retonation wave, This wave
has been partially overtaken by the reflected wave at .
station 3 and hence the latter wave was strengthened to
the point of going off the film (indicated by the
dotted lines). It is believed that the double peaks
recorded on the station 4 trace are due to the three
dimensional characteristics of the combustion in such a
large volume. Inside a tube of 54.6 cm diameter, a
deflagration wave traveling through a combustible
mixture is not a plane surface but rather it advances as
tongues of flame leap forward at various acute angles
with the tube axis. Consequently, the pressure
disturbances which result from these tongues of flame
and which are propagated in all directions reach
various points on a given circumference of the tube
at different times., The waves are then reflected from
the tube walls, interact, etc. 1In consequence of this-
behavior, a pressure transducer, which occupies but a
small point on the large ¢circumference of the tube, can
be expected to receive multiple pressure disturbances
as it is passed by deflagration or retonation waves,

A detonation wave, because of its velocity, is more
likely to be planar and therefore less apt to cause
multiple pressure peaks as it passes a transducer.
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DISCUSSION

. Systematic studies of detonations in tfuel-air flames

have so far not been reported in the literature.

However Bollinger, Fong and Edse (Ref., 2) found that
hydrogen-oxygen flames, slightly diluted with nitrogen
have a shorter induction distance from the spark to the
onset of detonation at 5 atm initial pressure ‘than at
ambient conditiorns, Thus detonations seem to be induced
more easily at high pressures than at 1 atm. It has now
been established that hydrogen and ethylene=-air mixtures
will detonate given high enough initial pressure in
tubes as short as approximately 10 meters. The reason
for this fact is not entirely clear. A trivial explana-
tion would be that at lower pressures the tube diameter
(238 mm) is below the critical diameter necessary for
detonation. This however overlooks the fact, as
discussad below, that a small diameter tube may induce
detonations more readily than a tube of large diameter,
More significant is the fact that even at low pressure,
deflagration or pressure pulses reach very high
velocities that are normally the precursor of
detonation. It is felt that the greater ease with

which detonations are established at higher pressure is
due to the slower dissipation of heat due to the higher
density of the burnt gas. The way a deflagration forms
3 detonation can be described in general terms as
follows: A laminar flame close to the spark is driven

"forward by the expansion of the burnt gases and

gradually becomes highly turbulent. Very high
velocities up to 1000 meters/sec are recorded during
this stage. Shock waves are formed and partially
overtake the flame front. These shock waves form a
detonation rather suddenly, creating strong pressure
pulses that are also transmitted through the walls of
the steel tube and record on the pressure transducers,
These pressure pulses in some instances allow to
determine the accurate location of the onset of
detonation., The burnt gases also will suffer heat
losses due to conduction to the wall, It seems that a
critical condition is reached at an early stage before
the turbulent flame reaches high velocities., If the
burnt gases cool fast enough at low pressure then the
forward thrust of the flame front will not reach the
value necessary to create the turbulent flame that in
turn reaches the very high velocities, The creation of
the fast turbulent flame will therefore depend on
pressure that controls the dissipation of heat of the
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burnt gases, and on the fundamental burning velocity
which controls (together with the forward movement of
the gas) the flame speed. This explains the greater
ease with which hydrogen-air forms the fast turbulent
flames than ethylene-air., In methane-air the very fast
flames were never observed,

A second critical condition not yet fully understood
is the ease with which a detonation forms from shock
waves. This condition may be related to spontaneous
ignition with short induction period. In general terms
the formation of a detonation thus would depend-on two
conditions; one relates to the formation of very fast
turbulent flames that will create shock waves, the
second concerns ignition from shock waves.

Methane-air flames have a smaller burning velocity
than ethylene~air flames, but the reduction is rather
minor when one considers the differences between hydrogen
and ethylene. It is therefore a surprise that methane-
air flames do not give rise to detonations at 40 atm;
in fact the deflagration is so mild that pressure ratios
are very small and much less than theoretical. At one
atmosphere the rate of heat dissipation is comparable
to the formation of heat in the flame front, thus a
fast flame never materializes in a tube of small
diameter. At high pressure it has been found that the
fundamental burning velocity of methane~air is greatly
reduced (Ref. 3), and is only abdut 6 cm/sec at 40 atm.
Thus again no fast turbulent flame will form. Methane-
air flames seem to be unique in that increased pressure .
does not promote detonation., In general, it is felt
that increased pressure has an influence on the first
conditions (fast turbulent flame) for detonation rather
than on the second (formation of detonation from shock
waves) as shock waves of a given pressure ratio will
lead to nearly identical temperature increases.
independent of initial pressure.

It is also interesting to note that detonations
always occurred between stages 1 and 2; thus either
detonation sets in relatively early or not at all,

It is therefore questionable whether hydrogen-air would
detonate in a tube of 100 meters length and 38 mm
diameter at a lower pressure than in the 10 meter long
tube. '

In making a comparison between the data on the
large and small tube it has to be realized that
practically all data were taken in a region where
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detonation is marginal. Thus no stable detonation
velocities are established as. yet, detonations may- be
overdriven and overpressures may be. present. ' This
region is of little interest theoretically but of great

interest practically as all fuel-alr detonations are
marginal. ’

Originallyithe comparison between small and‘large7
tube was made to ascertain that the high pressure data

 discussed .above are meaningful, i.,e. may be applicable

to the large tube, The oxygen index was thus chosen for
a comparison.. ' It was quite unexpected to find that
detonations need a higher oxygen index in the large tube
than in the small one,

The course of events from spark to detonation as
sketched before helps to understand the phenomenon.
The early slow flame and its burnt gases will expand into
three dimensions rather than only into one direction as
in the small tube. Thus accelerations are smaller and a
fast turbulent flame will form later or not at all
within the given geometry. This qualitatively explains
the slower original velocities and the ‘higher oxygen
indices necessary for detonation in the large tube.
Shock waves formed in the turbulent flame will not only
move forward but undergo multiple reflections on the
walls and be more subject to attenuation before they can
cause a detonation.

Overpressures and overdriven detonations have been
observed before but have not been extensively studied.
They are of great importance if one considers the safety
of containers where explosions or detonations may occur,
The present data allows a closer analysis of these
phenomena. Little evidence of overpressures is found

“in ‘the small tube, whereas truly astonishing pressure

ratios are found in the large tube. It seems that two
phenomena contribute to the large pressures observed

and both can only occur in marginal detonations. In

the first case-a detonation develops so late in the tube
that the unburnt gas was already precompressed before
the detonation reaches the ‘end of the tube. Egvidence

of this precompression has been found; it has, however,

to be pointed out that events under conditions of

marginal detonation are not very reproducible. Also the
pressure transducers had to be calibrated to read up to
100 atm thus a precompression of one or two atmospheres
is difficult to detect on the records. As detonations -
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developed in the small tube always very'early, the
detonation could overtake the precompression wave and
‘no overpressures are possible.’

A second cause of overpressures is due to the
reflection of shock waves .at the end of the tube with
possible contributions from the adiabatic compression
in the tapered end section of the large tube.

Ignitions have been observed due to incident, reflected
and double shock waves, In each case the ignition occurs
in precompressed gas, thus leading to overpressures,

The largest pressure ratio observed being 80.

. It was hoped that paverful water curtains would
cause deflagrations or detonations to die out or at least
to moderate appreciably the pressure peaks in the vessel.
This was not found to be the case, Details of the events
in the water curtains are fully discussed in the previous

aragraph. .

) Flnally it may be mentioned. that the very high-
pressure peaks could be fully substantiated by strain
gage measurements on the outside wall of the large -
vessel,
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\ TABIE I, LOCATIONS COF STATIONS AND WATER INJECTION PORTS
DISTANCE FROM SPARK, meters
STATION i 5446 cm TUEE 38 mm TUBE
\ 1 1,00 0,80
S 1a - 1.53
2 1448 3630
3 2,49 5631
4 5 he00 7030
i é 5.01 7.80
[ 7 6,01 8,30
! 8 7.0 . " 8,80
9 : 8,01 :
10 8.51
12 9.51

End-Flange - 9285 . 9,15

WATER_INJECTION PORT
il 1.79
3 2,15
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209.

SUMMARY OF WATFR INJECTION RUMS AND STMIIAR RUNS WITHQUT WATER INJECTICN

FOEL 0.1,

Hy 0,21
21
W21
21
W21
«29
«29
.30
.30
33
37
A

" CpH, 0.22

21
’23
.33
3
37
.38
.38
39

CH, 0.3
032
35
.36
'37
.39
.39
.39
.45
45
W45
A7
04-7
048
048
'49

'57

o/F

0.52
.53
.54
.63
67
.51
.53
.54
53
.56
.59
.57

* . L] - .
W oW WK W

L] L] . ') 3 [ L] [ '] [ ]
O s U1 RO D s W0 PO 80 RO 1 fs 3000 B0

pPPOPPODPDPODONDHEDDDEREDDODODN WWwuwwwlwwww

RUN NO.

126
135
52
136
137
131
130
12
‘n3
55
110
56

© 134

127
3
9%

133
97

107

109

108

71
132
89
15
83
73
72
116
84
17
nus

At - TIME
Fin0 - BETWEEN B,0
10B-1-X PFLOW RATE INITIATION AND SPARK

Kg/Sec Signal, Seec.
51 0.86
51 —_

a

a

51 25
51 ~3 -
51 .8
51 —

a
. a

51 21
a

51 _—
51 .86
a

a

51 ~.8

a

48.5 .13
a

51 <17
a

51 —

a

51 .20
a

4805 —

a

a

a

51 25
51 .28
a -

51 .19
51 ~.8

a

51 37
a

36 —

a - No water injJected in these runms,

CHARACTER OF REACTION

Apparently no Combustion
Apparently no Combustion
Deflagration
Deflagration
Deflagration

Apparently no Combustion
Detonation 4 - 9
Detoration 4 - 9
Detonation 4 - 9
Detonation 2 = 5
Detonation 0 = 2
Detonation 2 ~ 5

Apparently no Combustion
Apparently no Combustion
Deflagration '
Autoignition

Detonation 4 - 9
Detonation 2 - 5
Autoignition

Detonation 3 - 9
Autoignition

Deflagration

Apparently no Combustion
Deflagration
Deflagration
Deflagration.

Apparently no Combustion
Autoignition
Deflagration
Deflagration

Apparently no Combustion
Autoignition
Autoignition
Autoignition
Autoignition
Autoignition

Detonation 4 - 9
Detonation 2 - 5
Detonation 0 - 2
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